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I, HOWARD FEIN M.D., declare as follows: 
1 . I am a named inventor in the above-identified patent application. 


2. I hold a Doctor of Medicine from the University of Southern California School of 
Medicine. I have six years of experience in dermatology and treatment of skin 
conditions, which is the subject of the application. I have read the Advisory Action of 


Page 1 of 10 


May 27, 2005, and the Office Action of December 10, 2004, and understand the position 
of the Examiner. 

3. My invention regulates removing a layer of skin for treating a patient having a 
condition affecting that layer in two ways. The first way is in the choice of the particular 
enzyme. The enzyme is chosen for its substrate selectivity, the substrate being present 
in a particular layer of skin containing the lesion to be removed. The second way is the 
choice of conditions under which the enzyme is applied (e.g., its concentration, duration 
of treatment, etc.). Because none of the SU1685448, deFaire, or Freeman references 
disclose a method by which a particular enzyme is chosen for its function in the 
selective layer of skin containing the lesion to be removed, and in which the condition 
(time, concentration, etc.) for applying the enzyme is chosen for the patient's particular 
situation, I disagree with the Examiner that each of these discloses my invention. 

4. I acknowledge that the Examiner has restricted my claims, and that my elected 
claims are directed to a hydrolase to treat seborrheic keratosis. 

5. A hydrolase, and all other enzymes, have a particular affinity for the material or 
substrate on which it can act; that is, enzyme-substrate affinity. Hydrolases are a 
heterogeneous group of catabolic enzymes that break apart the bonds of 
macromolecules such as proteins, lipids, and sugars through the addition of water 
molecules. Proteases are a subset of the larger hydrolase class of enzymes, which are 
responsible for the catabolysis or dissolution of proteins. During the process of 
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catabolysis, the protease must physically bind and interact with the substrate protein 
before it can be degraded. Each protease is limited in its ability to bind protein 
substrates. Certain enzymes are highly specific and can cleave only one substrate 
protein, while other proteases are highly non-specific and can cleave a multitude of 
protein substrates. 

6. By way of example, the outermost layer of the epidermis (the stratum corneum) 
contains an abundance of the protein keratin. A keratinase enzyme, which specifically 
degrades keratin, can therefore be used to selectively degrade the stratum corneum. 
Keratinocytes, cells that comprise the bulk of the epidermis, are held in place by protein 
adhesions called desmosomes. An enzyme such as trypsin that degrades the 
desmosomes can be used to degrade the middle layers of the epidermis. Finally, the 
epidermis rests on a structure called the basement membrane that is rich in type IV 
collagen protein. Using an enzyme specific for type IV collagen, i.e. a type IV 
collagenase such as dispase, the entire epidermis can be separated from the dermis 
and deeper tissue layers. 

7. Using an enzyme to regulate removal of a particular layer of skin results from the 
fact that each protease is capable of degrading only a certain subset of proteins. 
Enzyme selectivity is not related to variables such as temperature, concentration, 
method of application, or other variables, but is biologically predetermined. The 
inventive method selectively regulates removal of skin by the choice of enzyme to 
degrade particular protein targets that are present within the various layers of skin. 


Page 3 of 10 


8. Selectivity due to the choice of enzyme, in this case a protease, is based upon 
capability of a protease to degrade only a certain subset of proteins that are present 
within the various layers of skin. This capability, to cause selective epidermal 
separation, is due in part to the ability of a protease to digest desmosomal proteins. 
Proteolytic enzymes act at specific sites on a protein molecule. The epidermal layer 
has a predominance of substrates for trypsin, dispase, etc. Thus, these enzymes are 
selective for a layer of skin (one or all of the epidermal layers), and hence regulate 
removal of this layer of skin when the enzyme is applied topically or is injected. This is 
contrasted with the action or selectivity of another enzyme such as, e.g., collagenase 
being selective for a layer of skin where there is a predominance of collagen. 

9. The extent of the regulation within that layer of skin is determined by factors 
related to the selectively of the method. For example, the depth of tissue damage is 
determined by multiple factors, including the duration and method of application. 

10. My method combines the selectivity in the choice of a particular enzyme with the 
selectivity of conditions under which the enzyme is applied to regulate removal of a 
layer of skin, as the claims require. When I exposed skin to topical protease solutions 
according to my claimed method, it regulated removal of the epidermis. There were 
reproducible, differential patterns of ablation for subcorneal, intraepidermal, and 
subepidermal layers. The dermis, however, was not affected. 
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11. In my method, the enzyme is the sole active agent. I understand the Examiner 
believes that SU 1685448 discloses my method because the four other components, 
theophylline, lanoline, sunflower oil, and DMSO, would not materially affect the enzyme. 
I assert that the Examiner is incorrect, as I subsequently explain. 

12. SU1 685448 discloses DMSO at concentrations ranging from 22.5% to 32%. I 
assert that DMSO at these concentrations does exert material effects on an enzyme's 
activity. Thus, SU1 685448 does not disclose my invention, because its non-enzyme 
components would indeed affect the enzyme's activity. 

To reinforce my assertion, I further provide copies of each of the following references 
demonstrating that 22.5% to 32% DMSO has material effects on an enzyme: 

(a) Middleton (1970, Proc. Soc. Exp. Biol. Med. 134:1096, 1099 and 1101-1102) 
discloses that DMSO in concentrations above 10% interfered with the action of 
proteolytic enzymes (e.g., elastase, trypsin) on dog skin. This effect was pronounced in 
concentrations above 25%. Middleton concluded that changes "in protein configuration 
may be partially responsible for the effects of DMSO on the enzymes". 

(b) Henderson (1975, Ann. NY Acad. Sci. 27:38) discloses that DMSO at a 
concentration of 20% or less reversibly inactivated glutamate dehydrogenase, forming 
an inactive monomer. At a DMSO concentration of 20% or more, the inactivation was 
irreversible. 

(c) Anigbogu (1995, Int. J. Pharmaceutics 125:265) demonstrated spectroscopic 
changes between "the penetration enhancer" DMSO and the protein components of 
human stratum corneum with a concentration of DMSO as low as 10% (e.g., Fig. 7). 
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Thus, each of Middleton and Henderson demonstrated that DMSO as used in 
SU 1685448 has a material effect at least on an enzyme's activity. Anigbogu 
demonstrated that DMSO as used in SU 1685448 has a material effect at least on the 
enzyme's substrate and/or the enzyme itself. 

13. These references further supplement the known classification of DMSO as a 
penetration enhancer (see title of Anigbogu referring to "the penetration enhancer 
dimethylsulfoxide"), and its known toxicity to the dermis (Block, L, "Medicated Topicals" 
in Remington: The Science and Practice of Pharmacy, 2000, p. 842 attached). DMSO 
exerts its effect by extracting soluble components of the stratum comeum, delaminating 
the horny layer, and denaturing the proteins (Purdon et al., 2004, pp. 99-100; Kurihara- 
Bergstrom, T. etal., 1987, pp. 274-280; Kurihara-Bergstrom, T. etal., 1986, pp. 
479-486, each attached). Hence, DMSO is an active that denatures the proteins in the 
skin and provides additional potential substrates for a hydrolase if the hydrolase itself is 
unaltered. 

14. My invention also does not require lanolin as is required in SU 1685448. As 
known to one skilled in the art, lanolin is an allergen, resulting in inflammation. (Block, 
L. "Medicated Topicals" in Remington: The Science and Practice of Pharmacy, 2000, p. 
846). To counteract the inflammatory effect of lanolin, SU 1685448 also adds an anti- 
inflammatory agent. In contrast, my method uses an enzyme alone to regulate removal 
of a layer of skin. It does not have DMSO which alters skin penetration. It does not 
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have lanolin, which causes inflammation. It does not have an anti-inflammatory agent 
to counteract inflammation. 

15. I therefore disagree that SU1685448 discloses each element of my invention. 

16. In my method, the enzyme regulates removal of a layer of skin because its 
activity is known and is biologically predictable. deFaire discloses a multifunctional 
enzyme (see at least title). By definition, a multi functional enzyme is a protein that 
contains at least two distinct enzymatic activities. Applying a multi functional enzyme to 
the skin cannot regulate removal of a layer of skin unless its other activities were 
selectively inhibited. 

17. A protein with two distinct enzymatic activities (i.e., a multifunctional enzyme), 
even if it could be used in the claimed method (e.g., by treating it to inhibit other than 
the desired enzymatic activity) does not anticipate my invention where the activity of my 
enzyme is predictable and is the basis for regulated removal of a layer of skin. 

18. In addition, the combination of enzymatic activities in a multifunctional enzyme 
may alter distinct and predictable properties of the separate enzymes, rendering any 
method using a multifunctional enzyme at least less able to regulate removal of a layer 
of skin. The depth of skin affected depends upon the duration and timing of treatment 
intervals in addition the concentrations and types of enzyme and formulations. 
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19. My claimed method applies the enzyme to the skin either topically or by injection. 
I understand the Examiner believes that Freeman discloses my method. As one skilled 
in this art, I emphatically disagree as I subsequently explain. Should the Examiner 
maintain Freeman's stripping flow is the same as my method, I respectfully request 
citation to a reference or an affidavit stating the facts supporting this position. 

20. Freeman discloses a device. Using this device, Freeman achieves "A synergistic 
effect of proteolytic digestion of the intracellular matrix and 'stripping 1 flow" by a 
"controlled, continuous stream of proteolytic enzyme solution, causing gentle but 
effective tissue erosion". Freeman therefore uses enzyme action in combination with 
"stripping" flow, provided in a "streaming" action (Freeman fj| 20-22). 

21 . Freeman does not disclose my invention because Freeman requires two actions: 
a mechanical action resulting from use of his device, and an enzyme action. My 
method uses only enzyme action. Further, one skilled in art readily appreciates that 
Freeman's mechanical stripping inherently does not regulate removal of a skin layer 
because it uses an additional mechanical means, whereas my method is naturally 
regulated by the action of the enzyme alone. 
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22. As an example, I topically applied 2.5% trypsin to a seborrheic keratosis lesion. 
After 15 minutes, erosion was present. There was rapid intraepidermal acanthosis, and 
after 24 hours there was complete epidermal dissolution. There was slight erythema 
one month post-treatment. There was no evidence of scar formation three months post- 
treatment. Thus, my method used enzyme alone to result in scar-free ablation of the 
lesion. 

23. In contrast, mechanical stripping results in potentially unlimited depths of tissue 
damage. This is not regulated removal of a layer of skin, as the claims require. The 
ability to regulate removal of a particular skin layer with my method using a topically 
applied protease confines damage to specific epidermal zones. 

24. Therefore, as it relates to the treatment of skin conditions, Freeman does not 
disclose my method because Freeman does not rely only on a biologically predictable 
and regulated removal of a layer of skin. 

25. All claims are amended to clarify the regulated removal of a layer of skin using 

my method. For example, independent claim 1 recites 

1 . A method for treating a patient having a condition 
affecting at least one layer of skin comprising administering 
in situ by topical application or injection a physiologically 
acceptable formulation consisting essentially of at least one 
hydrolase in an amount and for a duration effective to 
regulate removal of said layer and treat said condition. 

Independent claim 24 recites 
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24. A method to treat skin comprising topically 
applying to an outermost layer of skin a composition 
consisting essentially of a protease in a biologically 
acceptable formulation in an amount to selectively 
regulate removal of at least one epidermal layer 
containing a skin condition to thereby treat said skin. 


30. A method to target skin treatment of an affected 
area comprising providing to said affected area by 
topical application or injection a composition 
consisting essentially of at least one hydrolase in an 
amount and formulation effective to selectively 
regulate skin removal in said affected area. 


34. A method for treating a condition affecting skin 
comprising applying by topical application or injection 
a composition to the affected skin, the composition 
containing at least one hydrolase at a concentration 
selective for regulating depth of skin treatment and 
applied to an area selective for regulating a radial 
surface of skin treatment. 


I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment or both, 
under Section 1001 of Title 18 of the United States Code and that such willful 
false statements may jeopardize the validity of the subject application or any 
patent issued thereon. 


Independent claim 30 recites 


Independent claim 34 recites 
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TABUS L Tensile Strengths of Normal and Burned Dog SRhi After Treatment with DMSO 
for 24 hr at Boom Temperature. . ... 


Type of dtin 


Tensile strength (lb) 


Average 

%Losb 

Normal (control) 

15.0 

1S.0 

13.0 

17.0 

14,0 

J4.4 


3fonrt*l and 50% DMSO 

33.5 

13.0 

15.0 

12.5 . 

.,13,0 

13,2 

8 

formal and 100% UM8G 

12.0 

13.5 

9.0 

. 11.0 

10.5 

11.0 

24 

.Bnmed .{control) . 

: 4.0 

4,0 

• 'o-O 

3.5 

0.0 

4.n 

CO 

Bunaodand 60% DHSO 

L5 

2.0 

2:5' 

3!0 

4:0 

2.0 

82 

Brirned and 100% DMSO 

S.5 

to 

0.6 

0.6- 

1.0 


91 


amount of distilled water was added to the 
controls. They were incubated for 24 hr at 
37°/- • : 

Next, enzymatic digestion of normal and 
burned dog skin -was studied before and after 
pretreatment ^witb DMSO. The dpg skin was 
rat into 1 X Q.5-cm pieces and- some pieces 
were treated with .6 cc 100% DMSO for 8 
and .24 hr. After washing three times in dis- 
tilled water, : they were incubated in 0.2% 
concentratioiis of trypsin, elastase, protease, 
and collagenase. To each tube i 5 mg of neo- 
mycin sulfate was added to inhibit bacterial 

■ v S*-i A* — 1 ■ ■ 


growth, Cultures were taken after incubation 
for 24 hr at 37° to be certain of sterility. If 
cqntaminated, the tube was discarded. Lysis 
was judged on a 1-4+ scale. The ease with 
which the tissue disintegrated on probing was 
noted. Complete lysis was unattainable ber 
cause no enzyme was used to dissolve fat. , 

the effect of DM90 pretreatment oil Qie 
susceptibility of . partially denatured collagen 
to attack by proteolytic enzymes was studied : 
by putting l£-ing pieces of shredded defatted 
beef tendon in 1 ml of Tris buffer with 0.5% 
trypsb (Princeton), dastase.(Worthington) rt 
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-Fic. 2. Swolkti and separated collagenous bundles of normal dog. skin after soaking in 100% 
DM^O.H&EsUio.l60X.. 


.protease {S.E.A.U.). and coliigenase (Worth- 
-ingtqn). They were incubated for 24 hr at 
37°, The collagen was then dried for 21 days 
and weighed to determine the amount lost. 
Using a second batch of collagen. 1 ml 100% 
DMSO was substituted for Tris buffer. In 
a third experiment pieces of beef tendon col- 
lagen were pretreatcd with J06% DMSO for 
24 hr at 37°. Tris buffer, pH 7.2, watetyand 
acetic acid, 3%, were used for controls. This 
collagen was then washed three times with 
distilled water and dried for 10 days. At this 
time, : 0.5% concentrations of the same en- 
zymes were added to known amounts which 
were incubated, dried, arid weighed as above 
to determine if any of the collagen had been 
made soluble! All samples were subsequently 
incubated again at 37° for 24 hr in I ml of 
distilled water, rewashed with distilled water, 
dried for 2 weeks, and weighed. 

Results. Normal untreated skin had the 
greatest tensile strength, average 14.4 lb (Ta- 
ble I). Burned skin treated with 100?4 


DMSO had the least tensile strength, 1.2 lb 
average- Normal skin pretreated with S0% 
DMSO had 8% less tensile strength than the 
average normal skin, whereas with treatment 
with 10G% DMSO there was .24 % less 
strength. Burned normal skin had 69% less 
tensile strength. Burned skin treated with 
50% DMSO had 82% less tensile strength, 
while , that treated with I00?6 DMSQ Tiad 
91% less strength than the average normal 
skin. The data show that burning lowers ten- 
sile strength of skin suggesting destruction of 
contained collagen. DMSO lowers somewhat- 
the strength of normal skin, but not as much 
as that of burned skin. The amount of low*: 
ering is dependent on the strength of the/ 
DMSO used and one suspects on the dura- 
tion of contact. 

Microscopic changes in collagen of the. der^ 
mis are shown in Figs. 1 through.. 4. The : 
darkly stained, compact, uniform collagenous 
bundles in normal dog skin are seen in Fig. : 
1. They become swollen and separate after 
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Fia 3. Collagenous bundles of bnmed dog skin. Coagulated bundles, loss of identity of fibers, 
and poor staining/ H & E stain. l6pX> 


soaking ia 100% DMSO/ (Fig: 2) . Burning of 
normal dog skin (fig. 3) causes coagulation, 
swelling, and loss: of? identity of fibers with 
poor staining characteristics. ;In addition to 
these changes, so^ng iii v i-db% I>MS0 re- 
J sdu'in deft formation (Fig. 4). 

Eiastin orcein was-completeiy digested 
by "elastase, while there was 79% digestion 
in the presence of 10% DMSOV With in- 
creased concentrations, elastase activity was 
totally inhibited: Trypsin digested 83% of 
azocol without DMSO, but the percentage 
fell, from 78% to 25% as the DMSO concen- 
tration was increased from 10% to 100%. Un- 
der the circumstances of the experiment, 
elastase is more affected by DMSO than tryp- 
sin. 

None of the proteolytic enzymes (Table 
H) digested normal dog skin except ^col- 
Jagenase. All digested, however, ' a limited 
amount of burned dog skin. Eight hours, of 
'pretreatmeht of burned slrin with 100% 
DMSO caused no appreciable difference, Aut 


after 24 hr of pretreatment there was a 
marked increase in digestion by elastase, coT- 
lageoase, and protease, but no change in the* 
action of trypsin. Free DMSO had been re-, 
moved in these experiments by washing. f: 
Table HI shows the effect of DMSO on the 
proteolytic digestion of partially denature*! 
beef tendon collagen. Five miUigrams of tryp- 
sin, elastase, protease, and collagenase m .1 
ml of Tris buffer digested 75%, 79%, 85%, 
and 100% of the collagen, respectively. Dis- 
solved in i ml of .100% DMSO all the en- 
zymes were completely inhibited except for an 
insignificant 2% digestion by trypsin. The 
DMSO control lost H%- After 100% DMSO 
pretreatment of this collagen and washing out, 
all: the ^enzymes caused complete digestion, 
Interestingly, LMSO-pretreated collagen hi- 
cubated in Tris buffer (pH 7.2) yielded a loss 
.of' -53% on washing, suggesting that the 
D&ISO had caused part of this collagen to be- 
come soluble in Tris buffer. With Tris buffer 
alone only '9% was lost 
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: Fic 4 Conapcnoufi bundles of burned dog ricin after soaking in 300% DMSO for 24- tar* 
Coagulated bundles, loss of identity of fibers, poor itdinmg, swollen hair follicles, and many clefts. 
.,11 &E stain. 160X- 


; Incubation of beef iendtm collagen La 
100% DMSO and 3% acetic acid for 24 hr 
caused inarked .wellinK and increases in 
weight (Tabic JV)- At 37° the acetic acid- 
treated, materia] resisted drying more than 
the DMSCMreated. When incubated again 
with water, washed, dried, and weighed, the 
DMSO-trcated sarnie lost 06% of its weight, 
while the acetic acid-trcaied material stiU 
weighed three times its original weight. The 


distilled water-treated sample lost 13%, Tris 
buffer .15%; and no solution 25%. Thus, while 
both DMSO and acetic acid caused swelling Of 
partially denatured collagen, the former read- 
ily lost its absorbed water on drying at room 
temperature, while the latter did not, and the 
secondary solubility of the DMSCMreated 
collagen in water indicates a chemical change 
hasoccurred. 
Discussion. DMSO swelled normal and 
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Washed Normal and Bomed Doz Skin. 


No treatment 

Treated 

8hr 

Trcatcd Zi hr 

Enjsyinu (0.2%) in 
distilled water 

Normal 
skin 

Kurnecl 
&kia 

Normal 
skin. . 

Burned 
skin 

Normal 
skin' 

Bomed 
aldn 

Protrn*e 
Collagen ase 

0 
0 
0 

2-f 

1 + 
1+ 
1+ 
2+ 

1+ 
1+ 
1+ 
2+ 

1+ 
1+ 
1+ 

•2+ 

1+ 
2+ 
3+ 

a+ 

4+ 
4+ 


;.;.;.;i3I^S" 
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In Tns traitor bilt 

.. Enayroc (0-5S&) 

EnxjhaB in' Tris 
bnffcrpB7.2 
-, (% digested) 

Emcynie in. 
100% DM60' 
(% digested) 

collagen pretreat* . 
roentwiih.T>MSO 
<% digested). 

Trypsin 
7.X ElastaJte 
^V. Protease 
: - CoUngenft&e 

.79 

ioo . . _ 

0 
0 
0 

loo ■».■•. 

. 98. 
100 , 

;• Control 

; : , ' Tris buffer (no enzyme) 

'' 9 : ; ' 



: £ t Control 

100% UMBO (uo ohayme) 


, u 



many <^f*r 


led Donah 


toriid skin, changed the niicroscopic . appear- 
;^noe<bi- the tennis, and reduced, their tensile- 

streagte,; particularly burned. -skin: PMSO 

prctreatrnent made skin, particularly burned 
. ^inore susceptible to the actiori of protect. 
; j^^ntymes and to. enzymes :that ^ordinarily : 

dp notr-attack collagen. Paiiially denatured 

beef tendon collagen not only; became *#eatly : 

gotten .with DMSO and xnore, susceptible- to- 

ftWaction of enzyrnes,:but-it becatoe water 

antfTris buffer soluble. lawer 'concentrations, 

.if&MSO v^Ttgrii^p-W^ partially 

ddiafawd collagen or; bnti^^^ 

li^nrecltoattack.noraii 

: DMSO irr cmicentmtior^ 

fer& with the actkm -x>i proteotytic enzymes, 

^jeHaily above iSfyr: : V. •'•■■■■* 
These results find -sorhe- parallel- in the 

* worfc of others. (5) .Pa-dehts-.wife sderodenna 

•teated topically wi&.high wncentnuiGns of 

DM^'^ * increased amounts of arid muco- 

x "rVr . . ■ ;? . V^-^ t 37. foi.B4 Kr In Virions ^lutfona, ^ . . ■ • . •, 


polysaccharides in involved areas, presuma- 
bly from a breakdown of collagen. But mucor 
.polysaccharides ^ mcre^ lc^y anyway dur- ■ 
: ing healing (11). Postkradiated snbeutane- 
«us plaques- treated with topical ?p% DMSO 
underwent involution that c^elated ;mia<> 
. scoplcally. with a reduction of both soluble and 
inscluhle .' fractions of collagen, .while mucr> 
polysaccharides remainedconstant.(4)..A;^ 
toward "degradation, hi trie' balance -between 
. synthesis and degradation! rather than an ac- 
tual breakdown of collagen was suspected. A 
reduction in the collagenous iaction extract- , 
able with neutral salt solution, but not in 
insoluble, collagen was iound -when rabBit- 
:skin was treated in vitro with.^ure. fiMSft; 
(8). In in vho studio Mf xalUty^ ho^ 
: synthesis an4 catabblism of collagen .were her. 
, lieyed to be rjihinished si^ltan^nd^f^r- 
*' DMSO treaimcnt. l)eciiiise...;nO. ! significant 
Change occurred, in th>" : ainbunt' : bf 'fesbluble : 


Incailiating soTntionfl 

After lvrcck 
of drying 

■ (mg)." 

After 2-weekfl 
of drying 

(»*). 

A* iw'tae^nfchig- : 
a^aluin distilled * 
■water &nti drying. 
: ' f pr-3 weeks. - 

■ % Change in : 
weight after' 
WErfiing and 
eeeond 'drying 

100% 

Z% Acetic acid 
iHstiued water 
Tins buffer pK 7JZ 

• 02:89 * . 
656.18: 

i3.n 

.14.72 

' 0.6ft'"- '; ■ 
: '3Z£#9 
; . '\ UJlO 

■ ■ :is.79' 

, ■ . -:96.; 
+30X 
- —1* 

Control 

. dUtillcd water Wiiicabatfid 

10J52; " 

; ■14.41 

aii7 

- fi5 


HQ2 


EFFECT OF DMSO ON DOG SKIN 


. collagen present. No change occurred in. the 

- tensile strength* of. rat tail tendon until a 
^hcentration of 95% DMSO was used (8): 
: - Because DMSO inhibited the action of 

. jird'teplytic enzymes, this inhibition might be 
; ejected to occur against naturally occurring 
enzymes, as while blood cells, as well as in 
.those added externally. In these experiments 

- however, there was a prolonged contact be- 
tween the DMSO and the enzyme that may 
.not occur vt vivo. If external enzymes were 
used after M3S0 it should be washed away. 
A . small but constant amount of DMSO has 
been- found still fixed to various tissues after 
24 hr of dialysis (12). Others have reported 
effects of DMSO on enzymes/ 1 ncreased tryp- 
sin-catalyxed hydrolysis of toluene sul- 
Tonyl-L-artfininc methyl ester has been found 
•with up to 20% concentration of DMSO, but 
above 30% there was precipitation of the 
buffer or substrate (13). With a different 
substrate, an almost linear decline in trypsin 
activity was found with increasing conceiitra- 

. tiob? of DMSO stnrting at 5% (12). Changes 
■ in protein configuration may be partially re* 
. sponsible "for the effects of DMSO on enzymes. 
1>MS0 ' inhibition of pancreatic DNAase 
has beeh demoristrated at pH 6, but at high- 
er pH the, action of DNAase was enhanced 
. (14), The marked enhancement of digestion 
of shredded beef tendon collagen we found 
/with trypsin, elastase, and protease after pre- 
treatment with 100% DMSO and washing 
away illustrates how the attack on the sub- 
strate, may he regarded as enhancement of 
the activity of ah enzyme ra ther than a 


change to different solubilities. Cutting, tear- 
ing pretreatment with acids, bases, some 
salts, and hen ting have been found to make 
collagen more vulnerable to attack by trypsin 
(15). : DMSO must now be added, to this 
IisL. Indeed, properly . applied, pMSO : treat- 
ment alone might be all that is needed for 
the lysis of burned collagen. The effect be- 
comes apparent, however, only after exposure 
in excess of S hr and at high concentrations. 

Tn treating burns in rats ft has 1 been sug- 
gested that 90% DMSO applied in a spray 
twice a Hay might have been more valuable 
if applied continumisly (6). On the other 


hand, because of water evaporation ou": appli- 
cation, a concentration of . 67% might be most 
efficacious for topical use because the heat of 
hydration on application in higher concentra- 
tions might increase diffusion rates across the 
epidermis (16). DMSO hydrate contains . 2 
moles of water. The absorption of * DMSO 
from the local area must decrease its ■concen- 
tration and affect the duration 6f action of. a 
higher concentration. The toxicity of ..a main- 
tained high concentration in the burned »iodi- 
vidual must be studied separately. DMSO 
has been shown to be bacteriostatic; against 
StapkXococcus and Pseudomonas ( 17) t . 

Summitry, 1. Dimethylsulfoxide swells' -col- 
lagen in .the dermis and decreases the teniae- 
strength ■ of • both : normal and f ull-thictness 
burned dog skin, especially the latter. These 
effects are more pronounced with 100% than 
with 50% DMSO. / ' ' 

2: The digestion of burned dog skin in 
vitro, by elastase; collagenase, and protease is 
increased by pre treatment for- 24* hx with 

ioo% dmso.- - 

S. Pretreatmek" for 24 hf with', ldO^ 
DMSO not only increases the degree of : di- 
gestion - pf partially denatured beef . tendon 
collagen by enzymes, but also partially con- 
verts it to a form soluble in water and Tris - 
buffer at pH 7.2.' *. : 

4. DMSO appears to be a denaturant of 
collagen, mote active against burned and par- 
tially denatured collagen than against sclero- 
cotlagen. : 

5. A continuous application, of DMSO at 
90%-iO0% concentrations for at least 24 hr 
might render full-thickness burn eschar more 
readily removed by solutes and might in- 
crease its susceptibility to enzymatic diges- 
tion... . * 
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Effects of dimethyl .sulfoxide, on subunit proteins. 
Henderson TR . Henderson RF . York JL . 

The effects of DMSO are thought to result from the formation of hydrogen bonds 
with proton-donor groups on biopolymers, which are stronger than those formed 
with water. Since DMSO contains methyl groups, however, effects on hydrophobic 
bonding in proteins could be expected at higher DMSO levels. Our studies of the 
effects of DMSO on model subunit proteins can be interpreted in the above terms. 
At a concentration of 20% or less, DMSO changed glutamate dehydrogenase into 
the inactive monomer and the effects were fully reversible with the activator (ADP). 
Higher DMSO levels resulted in irreversible inactivation. The predominant effect 
noted on beta-glucuronidase was irreversible inactivation by 20% or more DMSO 
at 37 degrees C. Purified beta-glucuronidase exhibited an activation in 20% DMSO 
at high substrate levels; this resulted from an apparent substrate inhibition in the 
absence of DMSO. DMSO inhibited the clotting of fibrinogen by purified thrombin, 
but the major effect appeared to be due to competition between thrombin and 
DMSO for binding sites on fibrinogen. These effects appear to be largely due to 
interactions between DMSO and hydrophobic bonding in fibrinogen, although 
DMSO also appears to interfere with the aggregation of fibrin monomers through 
its effects on hydrophilic groups. These results suggest that reversible alterations 
in protein structure are the major effect of exposure of subunit proteins to low 
DMSO levels at low temperatues, while irreversible denaturation of subunit 
proteins may be an appreciable effect a higher temperatures and higher DMSO 
concentrations. 

PMID: 236713 [PubMed - indexed for MEDLINE] 
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Fourier transform Raman spectroscopy of interactions between 
the penetration enhancer dimethyl sulfoxide and human stratum 

corneum * 
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Abstract 

The stratum corneum, the outermost layer of human skin, is the major barrier to transdermal delivery of most 
drugs. Dimethyl sulfoxide (DMSO) is an established penetration enhancer. To assess its mechanism of flux 
enhancement, Fourier transform (FT) Raman spectroscopy was used to study the effects of a series of aqueous 
solutions of DMSO on hydrated human stratum corneum following-treatment for 1 h. the results showed changes in 
the stratum corneum keratin from an a-helical to a /3-sheet conformation. In addition, at concentrations £60% 
v/v, at which DMSO enhances drug flux, there was evidence of interactions with stratum corneum lipids. These 
observations suggest that the skin penetration enhancement produced by DMSO not only involves changes in 
protein structure but may also be related to alterations in stratum corneum lipid organization, besides any increased 
drug partitioning effects. 

Keywords: Penetration enhancer; Human stratum corneum; Dimethyl sulfoxide; Water; Fourier transform Raman 
spectroscopy 


entry of noxious substances from the external 
environment The percutaneous route for drug 
administration holds several advantages over the 
oral or systemic routes such as the avoidance of 
first pass gut and hepatic metabolism, the ability 
to deliver drugs continuously, potentially fewer 
side effects, better patient compliance and ease 
of rapid cessation of therapy (Barry, 1983; 
Weissinger, 1993). Widespread use of the skin for 
drug delivery is, however, limited because of the 
aforementioned barrier propertiesi 

Elsevier Science B.V. 

SSD1 0378-5173(95)00141-7 


1. Introduction 

Human skin functions as an excellent barrier 
in two directions, controlling the loss of water 
and other body constituents while preventing the 


" Preliminary data were presented at the British Pharma- 
ceutical Conference, Reading, UK, September. 1993. 
* Corresponding author. 
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Human skin consists essentially of three tissue 
layers, the multi-layered epidermis, the underly- 
ing dermis containing a matrix of connective tis- 
sue woven from fibrous protein and the deep 
subcutaneous fatty layer. The outermost stratum 
of the epidermis, the stratum comeum or horny 
layer, is recognized as contributing the rate-limit- 
ing step in the barrier function of human skin to 
most drugs (Blank, 1953; Barry, 1983). This tissue 
typically consists of 10-15 layers of flattened, 
keratinized dead cells embedded in a Upid-rich 
matrix and may be about 10 fxm when dry but 
usually swells to several times this thickness when 
hydrated. The barrier properties of the stratum 
comeum are controlled by its composition: 75- 
$0% proteins, 5-15% lipids and 5-10% unidenti- 
fied materia] on a dry weight basis (Wilkes et al., 
1973). 

There has been considerable research effort 
devoted to improving the percutaneous penetra- 
tion of drugs either for local therapeutic effect or 
for systemic therapy. One approach has been the 
use of penetration enhancers which are chemicals 
that can decrease reversibly the barrier proper- 
ties of the stratum comeum. Dimethyl sulfoxide 
(DMSO) is a dipolar aprotic solvent with a wide 
range of physical and chemical properties to which 
its diverse physiological and pharmacological ac- 
tivities are attributable. It is the earliest and the 
most widely studied skin penetration enhancer. It 
has been round to improve the permeation of a 
wide range of tonic and non-ionic compounds of 
molecular weight below 3000 at concentrations 
exceeding 60% (Ritscbel, 1969) and a product 
containing a 5% solution of the anti-viral agent 
idoxuridine in DMSO is available for clinical use. 
Tetracycline hydrochloride in DMSO is also com- 
mercially available for the treatment of Acne 
vulgaris and various other patents for dermato- 
logical formulations containing DMSO have been 
filed. 

Several theories have been advanced to ex- 
plain the mechanisms of action of DMSO en- 
hancement of skin permeability including; extrac- 
tion of skin lipids (Allenby et aL, 1969; Embery 
and Dugard, 1971); denaturation of stratum 
comeum proteins (Elfbaum and Laden, 1968); 
formation of hydrogen-bonded complexes with 


stratum comeum lipids (Al-Saidan et aL, 1987); 
and the distortion and intercellular delamination 
of stratum comeum as a result of high osmotic 
stresses caused by transportation of both DMSO 
and water into the tissue from admixtures con- 
taining both solvents (Chandrasekaran et al., 
1977). More recent studies suggest that DMSO 
exerts its role in enhancement of drug perme- 
ation by not only extracting soluble components 
of the homy structure but also by delarnmating 
the horny layer and denaturing the proteins 
(Kurihara-Bergstrom et aL, 1986, 1987). It has 
been proposed that part of the effects of DMSO 
arises from its solvent properties and thus, at 
high concentrations, it may promote partitioning 
of lipophilic drugs into the stratum corneum 
(Barry, 1987). Results of Fourier transform in- 
frared OFTIR) spectroscopic investigations sug- 
gest that DMSO changes stratum corneum pro- 
tein conformations (Oertei, 1977). Based on re- 
sults of recent differential scanning calorimetric 
studies, it has been suggested that DMSO acts by 
displacing bound protein water, leaving a looser 
structure (Barry, 1987). Despite the wide ranging 
studies that have been performed with DMSO, its 
mechanisms of action as a penetration enhancer 
still remain unclear. 

Fourier transform (FT) Raman spectroscopy 
has recently been used to characterize human 
skin (Williams et aL, 1992). Wavenumber posi- 
tions (i/, cm" 1 ) of bands in a Raman spectrum 
depend on both the atomic masses and the force 
constant Vibrations involving light atoms occur 
at higher frequency positions than those of heavy 
atoms; for example, the stretching vibration of 
H 2 0 is seen at approx. 3400 cm" 1 while that of 
D 2 0 occurs at approx 2400 cm" 1 . The force 
constant is a measure of molecular bond stiffness. 
Tightly bound groups have stronger force con- 
stants and vibrations involving them appear at 
higher frequencies than those involving looser 
bound groups, so that, for example, C C 
stretching modes occur at around 1500 cm' 1 
whereas C-C modes are seen at around 1000 
cm- 1 . 

A comparison of several Raman spectroscopic 
techniques demonstrated minimal inter^and in- 
fra-cadaver variations in molecular vibrations 
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arising from human stratum corncum con- 
stituents (Williams et al., 1993). Recently, we 
have shown the versatility of the technique in 
studies of terpene penetration enhancer action 
on human skin (Anigbogu et al., 1993). Since 
Raman scattering by water is weak, the interfer- 
ence from water seen in infrared studies of hy- 
drated human stratum corneum is minimized. In 
the study presented here, FT Raman spec- 
troscopy was used to probe molecular interac- 
tions between aqueous solutions of DMSO and 
human stratum corneum constituents. The tech- 
nique was also applied to studies of interactions 
between DMSO and water. 


2. Materials and methods 

1L Chemicals 

Spectroscopic grade dimethyl sulfoxide 
(DMSO) was obtained from Sigma Chemical Co., 
Poole, UK with a stated purity of 99 + %. Deu- 
terium-exchanged dimethyl sulfoxide (DMSO-*/*) 
and deuterium oxide (D,0) were supplied by 
Aldrich Chemical Company, Gillingham, UK, 
both with stated purities of 99.9%. Bovine keratin 
powder was purchased from ICN Biomedicals, 
Inc., Ohio; U.SA. The chemicals were used with- 
out further purification. Mixtures of DMSO or 
DMSO-rf 6 with deuterium oxide or distilled water 
were made ranging from 10 to 90% v/v in incre- 
ments of 10% v/v. 

2.2. Preparation of stratum corneum 

Caucasian abdominal skin was obtained post 
mortem and stored in double-sealed evacuated 
polyethylene bags at -20°C prior to use (Harri- 
son et al., 1984). The samples used in this study 
were from eight donors, 54% female, and had a 
mean age of 79 ± 9 (S.D) years. Epidermal mem- 
branes were prepared by heat separation (Klig- 
man and Christophers, 1963); excess subcuta- 
neous fat and connective tissue were removed 
from the skin which was then immersed in water 
at 60°C for 45 s. The epidermal membrane was 
gently teased off and floated stratum corneum 


side up overnight at 22 ± 1°C on an aqueous 
solution of trypsin (0.0001% w/v) and sodium 
hydrogen carbonate (0.5% w/v). The digested 
epidermal remnants were removed by swabbing. 
The stratum corneum membranes were washed 
with distilled water, rinsed in cold acetone for- 10 
s to remove surface contaminants and then stored 
over silica gel in an evacuated desiccator until 
required. 

The stratum corneum samples were hydrated 
to a water content of 2: 60% w/dry weight over a 
saturated aqueous solution of sodium sulfate 
which provides a relative humidity of 97% at 
25°C. The hydrated samples of whole stratum 
corneum were treated by complete immersion in 
the desired concentration of aqueous DMSO ox 
DMSO-d 6 for 1 h after which any excess en- 
hancer was removed by blotting. All treatments 
were performed m triplicate. 

13. Lipid extraction of stratum corneum and ker- 
atin powder 

Sheets of human stratum corneum membranes 
prepared as described above were exhaustively 
delipidized by a modification of the protocol de- 
tailed by Roberts and Lillywhite (1983). The stra- 
tum coroeum membranes were soaked at 32°C in 
(i) chloroform/methanol (2:1) for 24 h followed 
by CO soaking in acetone for 4h and then (iii) 
hexane for 24 h followed by (iv) ethanol/diethyl 
ether (8:92) for 24 h. At all stages during the lipid 
extraction, the flasks containing the samples and 
the solvents were gently shaken to aid the extrac- 
tion. The samples were evacuated to remove ex- 
cess solvent Iipid-extracted stratum corneum did 
not take up appreciable water by the method 
used in hydrating whole stratum corneum. Sam- 
ples were therefore floated in water to hydrate 
before analysis. Bovine keratin powder was sub- 
jected to the same rigorous extraction process to 
ensure the removal of any lipid contaminants. 

2,4. Fourier transform Raman spectroscopy 

FT Raman spectra of aqueous solutions of 
DMSO, DMSO-<x 6 , untreated whole human stra- 
tum corneum, lipid-extractcd stratum corneum 
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and DMSO-d 6 - treated whole stratum corneum 
were obtained using a Bruker FRA 106 FT Ra- 
man accessory mounted oh an IFS 66-FTIR opti- 
cal bench. Several Raman bands are common to 
molecules containing the same functional groups, 
termed 'characteristic frequencies', such as the 
C-H bands <fcmindn to organic species. There- 
fore, to examine the <>H vibrational frequencies 
of stratum corneum constituents without interfer- 
ence from . those of DMSO, fully demerated 
DMSO was used. The atomic masses of the 
deuterated form are higher and thus the C-D 
bonds vibrate at lower frequencies than the C-H 
bonds and in a region where the skin is devoid of 
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Fig. t. FT Raman spectra of (a) hydrated whole stratum 
corneum (upper truce) and lipid-extracted human stratum 
corneum (bottom trace) over the waven umber range 3500-200 
cm' 1 and (b) whole stratum corneum (top traccX lipid-cx- 
tractcd stratum comeunu Hpid-extracted keratin powder and 
lipid fraction of stratum corneum (bottom trace) over the 
3500-2700 cm" 1 range 



Fig. 2 FT Raman spectra of (a) untreated stratum corneum, 
(b) stratum corneum treated with DMSO</ 6 for 1 h and (c) 
pure DMSO<2 6 . The spectra clearly show the presence of 
dimethyl sulfoxide in the stctn. 

any vibrations, so allowing interference-free as- 
sessments of vibrational modes. 

The liquid samples were presented in a 2 cm 3 
quartz cuvette with a mirrored rear surface while 
the stratum corneum samples were presented in a 
stainless-steel cup of diameter approx 2 mm to a 
near-infrared NcLYAG laser operating at a wave- 
length of 1.064 pm with an output power of 750 
mW. The liquid samples were subjected to full 
laser power and typically 200 scans were collected 
at a resolution of 4 cm' 1 . The stratum corneum 
samples were, however, exposed to a laser power 
of approx. 450 mW to avoid fluorescence and 
sample degradation and the spectra represent an 
average of 4000 scans at a resolution of 4 cm* 1 . 
The FT Raman accessory is equipped with a 
liquid-nitrogen cooled germanium diode detector 
with an extended spectral bandwidth which cov- 
ered the wavenumber range 3500-50 cm" 1 . Spec- 
tral response was corrected for white light and 
the observed band wavenumbers, calibrated 
against the internal laser frequency, were correct 
to better than ±1 cm' 1 . 

15. Curve fitting 

Opus data flies generated on the Bruker FRA 
106 FT Raman accessory were translated into 
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Fig. 3. FT Raman spectra of the CH stretching modes in 
untreated stratum comeom (bottom trace) and stratum 
cornet] rn treated with 20, 4flC 60% and pure DMSO-d 6 (top 
trace). 

JCAMP. files and curves were fitted using Lab 
Caicl software (Galactic Industries Corp.). The 
program is flexible and allows the user a choice 
of parameters to input for the curve fitting. At 
the start, initial approximations were made about 
the number of bands present, their positions, 
widths and types (i.e., Gaussian, Lorentziatt, log- 
normal or mixture). For the present study, the 
band type specification was a 
Gaussian /Lorentzian mixture. The program fit- 
ted a linear baseline to each spectrum and used 
the initial approximations and iteration to find a 
combination of the heights, positions, widths and 
areas that best fitted the data. 


3. Results 

Ail samples of stratum corneum used in this 
study were prepared by trypsin digestion of heat- 
separated epidermal membranes and all spectra 
were corrected for instrument response. Because 
of the natural variability that occurs in human 
skin, there were some minor differences in the 
wavenumber positions of some bands from sam- 
ple to sample but the trends observed for each 
treatment were the same: The results presented 


here are therefore representative and not the 
mean values from all replicates. 

Fig. la shows typical FT Raman spectra of 
hydrated whole (untreated) and lipid-extracted 
human stratum corneum respectively over the 
wavenumber range 3500-200 cm" 1 and Fig. lb 
illustrates spectra over the range 3500-2700 cm' 1 
for whole (untreated), lipid extracted stratum 
corneum, lipid-extracted bovine keratin powder 
and the lipid fraction of stratum corneum ob- 
tained by subtracting the spectrum of the lipid 
extracted stratum corneum from that of whole 
(untreated) stratum comeum. There is a marked 
similarity between the spectrum of lipid-extracted 
stratum corneum and lipid-extracted bovine ker- 
atin powder. 

Fig. 2 illustrates FT Raman spectra over the 
1800-950 cm" 1 range of untreated stratum 
corneum, stratum corneum treated with pure 
deuterated DMSO, and pure deutefated DMSO. 
This figure shows that the DMSO is devoid of 
vibrational modes which would interfere with the 
amide I band (C=0 stretching around 1650 
cm" 1 ) in the stratum corneum. Fig. 3 details the 
C-H stretching region (3100-2700 cm" 1 ) of un- 
treated stratum comeum and stratum corneum 
treated with different aqueous concentrations of 
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Fig. 4. FT Raman spectra over the wavenumber range IfflO- 
1103 cm' 1 of untreated stratum contemn (bottom trace), and 
stratum comeum treated with 20, 40, 60, 80% and pure 
DMSO-rf A (top traceX 



0 10 20X405060708090 100 0 10 2030409060 70 80 90 100 

ConcfftrabonofC3VBCkB(%viM Ccrx»rtrattcncrfDVeC><J6(%v^) 



r~T— * ~t "i r T i — i — ~« r i i i 1 i i i i » 

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 

Ccnartrabon cf CM3Ck£ (%vrv) Ccnoertraticn CMSOdS (%uk) 


(9) 


14H 


1063 


1062 t% 


1QB1i 


10B0H 


1079 


1078 



i — i — i — i — i — i — i i — r 

10 20 30 40 50 60 70 80 90 100 


0 10 20 X 40 S5 60 70 80 90 100 

Coro^traticncfDWBCkB(%vM ConcertretorfCWBO(%^ 
Fig. 5. Frcqucucx ami inicii^itv r.iiin changes in stratum curocum us a function of aqueous DMSO</ h (a-e) and DMSO 
concentration tffc'ta) unmk I hand ot protein (H> amide 111 hand of protein. lc> CI 1 A symmetric stretching vibration of stratum 
eurneum. (d> C'-ll (ok-nunr) Mreldimp mode of annum ouiictim. U> /w'.w. ™»io of slralum iwncum lipids, and ff) C-C 
skeletal strekh (rumW iunl:»i minimi Wd -timtuni ennui im UpuK 


/UV.t. Atiishtw* «* / tntcrmtuonut Journal of Hmmmtatiics 125 (1995) 265-282 


271 


deuterium-exchanged DMSO (DMSO-e/ 6 ). Fig. 4 
provides FT Raman spectra in the 1800-UOO 
cm" 1 range of untreated stratum corneum and 
stratum corneum treated with various concentra- 
tions of aqueous deuterium-exchanged DMSO 
ranging , from 20% v/v to pure. Fig. 5 shows 
graphs derived from Fig. 1-4. 

Fig. 6 represents profiles obtained from curve 
fitting of the amide J band in whole and Jipid -ex- 
tracted human stratum corneum. Fig. 7a is a 
graph showing the proportions of Raman signal 
arising from the various vibrational modes of 
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Fig. 6. Profiles obtained from cunx-filting ihe amide I band 
in (a) whole stratum corneum and (h) lipid -*xt met cd stratum 
corneum. 
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Fig. 7. U)Changes in the Raman signal arising from the amide 
1 mode of a-helicaJ keratin ( 0 ), the symmetrical parallel 
mode of ami-parallel 0 -pleated sheets (oj, the asymmetrical 
parallel mode of anti-parallel 0-pleated sheets (□) and 
unidentified protein residues (*), in human stratum corneum 
with different concentration* of aqueous DMSO. (b)Profilc 
showing amount of a-hcJical keratin <o) and £ -pleated sheets 
CO) in human stratum corneum at different concentrations of 
DMSO, expressed as the percentage of total amount, a-hcli- 
cal + 0-plcated keratin. 


keratin at different DMSO concentrations. The 
graph shows an initial steady increase in the 
signal due to the symmetrical parallel amide I 
mode of the anti-parallel ^-pleated sheets being 
formed up to 60% v/v DMSO with a sudden 
increase to 70% v/v DMSO- The signal from the 
asymmetrical parallel amide I mode of anti-paral- 
lel 0-sheets was fairly constant between 0 and 
40% v/v DMSO with a slight increase thereafter 
up to 70% v/v DMSO. In stratum corneum 
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Fig. S. A schematic illustration of the vibrational modes for (a) symmetrical parallel amide I mode of anti-parallel 0-pleated sheets, 
(b) asymmetrical parallel amide I mode of anti-parallel 3 -pleated sheets and (c) perpendicular amide I mode of parallel 0-plcated 
sheets observed in human stratum comeum {redrawn from Miyazawa, 1960). 


treated with 80% v/v to pure DMSO, the signal 
was again fairly uniform. There was a slight but 
steady decrease in the signal arising from the 
unidentified protein residues between 0 and 60% 
v/v DMSO beyond which there was no apprecia- 
ble further decrease in the signal. The amount 
(%) of a-belical keratin and 0-pleated sheets 
relative to one another with different concentra- 


tions of aqueous DMSO are shown in Fig. 7b. 
With increasing concentrations of DMSO, the 
amount of a-heiix in the stratum comeum de- 
creased while the amount of /3-sheet structures 
increased. 

Fig. 8 shows the actual vibrational modes of 
parallel and anti-parallel 0-sheets redrawn from 
Miyazawa (1960). 
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Fig. 9. FT Raman spectra of DMSO-water mixtures in the 
S - O stretching region of dimethyl sulfoxide in concentra- 
tions ranging from 10% v/v (bottom trace) to puns (lop trace) 
in 10% v/v interval*. 

Fig. 9 and 10 show spectra of DMSO-de- 
uterium oxide mixtures in the S » O stretching 
and O-D stretching regions respectively. 


4. Discussion 

Assignments of the bands in the spectra for 
human stratum corneum (Fig. la) consistent with 
the observed Raman active vibrational modes 
have been made (Barry et al., 1992), and the main 
features are summarized in Table 1. 

Of particular importance to this study are the 
CH stretching modes in the 3100-2700 cm" 1 
region; the C * O stretching mode at about 1650 
era" 3 (amide I band) arising predominantly from 
the a -keratin in the stratum corneum coraeo- 
cytes; the band at about 1274 cm" 1 assigned as 
the CN stretching and NH deformation of pro- 
tein (amide III band) and weaker bands at about 
1030, 1062, 1082 and 1126 cm" 1 assigned as C-C 
stretching modes which yield information about 
skeletal structures in a molecule. These bands 
(1030-1126 cm" 1 ) have been used to assess lipid 
bilayer packing in model membrane systems 
(Carey, 1982). The amide I and 111 bands have 
been shown to arise from in -plane* vibrations of 


the peptide bond -CONH- [24] and differences in 
position, dichroism and intensity of these bands 
have been used extensively in conformational 
analysis of proteins (Carey, 1982; Hudson and 
Mayne, 1987). 

The bands in the C-H stretching region, 3100- 
2700 cm" 1 , are clearly complex and contain over- 
lapping vibrational modes. In previous literature 
reports detailing infrared spectroscopic investiga- 
tions of human stratum corneum (Golden et al., 
1986; Knutson et at, 1986; Krill et al., 1992), it 
had been assumed that the intercellular lipids 
were the major contributors to all the bands 
arising from the C-H groups. To investigate this 
assumption, we extensively extracted the lipids, 
adopting a protocol that would ensure the re- 
moval of most of the different classes of lipids 
found in the stratum corneum, rather than just 
applying chloroform-methanol (2:1) as usually 
used for lipid extraction. Even though some cova- 
lently bound lipids in the stratum corneum may 
not be removed, our method of extraction en- 
sured that most of the lipids were removed and 
this process was usually complete within 72 h. 
Extension of the time period for lipid extraction 
to 168 h did not remove further lipids as shown 
by Raman spectroscopy. 

Our results show that following extensive lipid 
extraction, the C-H olefinic stretching mode for 
stratum corneum at about 3060 cm -1 remained 
invariant suggesting that it mostly derives from 
the keratin, while the C-H aliphatic stretching 
mode at about 2725 cm" 1 was entirely removed, 
indicating it arises essentially from the intercellu- 
lar lipids. He band at about 2852 cm" 1 assigned 
as a CH 2 symmetric stretching mode, is not pre- 
sent in the spectrum of the extracted stratum 
corneum, suggesting that this band arises mostly 
from intercellular lipids. The band at about 2883 
cm" 1 , assigned as a CH 2 asymmetric stretching 
mode is markedly reduced in intensity but a frac- 
tion of this band remains, indicating that it is 
mainly due to the intercellular lipids but may 
have a contribution from the keratin. The band at 
about 2931 cm" 1 which has been assigned as a 
CH 3 symmetric stretching mode is however only 
slightly reduced in intensity suggesting that most 
of the vibrations responsible for this band arise 
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from the keratin component of the stratum 
corneum with a minor contribution from the 
lipids. 

Similarly, of the four C-C skeletal stretching 
modes in the spectrum of stratum corneum, the 
one found at about 1031 cm -1 remained .promi- 
nent after lipid extraction, suggesting it is derived 
from keratin; while the other three at about 1062, 
1082 and 1126, cm' 1 were markedly reduced, 
indicating they arise mainly from the intercellular 
lipid alkyl chains. 

All the changes discussed above are summa- 
rized in Table 2. The spectrum of the resultant 
extracted stratum corneum we obtained is in fact 
markedly similar to the spectrum of commercially 
available keratin powder (Fig. lb) which we also 
subjected to extensive solvent extraction to re- 
move lipid contaminants. 

Even though stratum comeum lipids contain 
very long chain (C 2 4-C^) saturated ceramides as 
well as long chain acids, cholesterol esters, 
triglycerides and hydrocarbons, an examination Of 
the amino acid composition of the stratum 
corneum keratin shows that at least between 65 
and 15% of the amino acid residues found in the 
stratum corneum have aliphatic side chains 
(Crounse, 1963; Baden and Bonar, 1968; Wood 
and Blandon, 1985; Kriil et aL, 1992). If we 
consider that the stratum comeum, in addition to 


Table 2 

FT Raman spectral assignment* fur some vibrational modes in human stratum corneum deduced following extensive ttpid-extrao- 
tion 


Wavenumber (cm ~ 1 ) 

Assignments and approximate 
description of vibrational 
modes h 

Origin of vibration 

3060w 

rfCrOoleftnic 

predominantly protein 

2931s 

fCOIOSym 

mostly protein but with significant lipid contribution 

2883m 

i'<CH ? )Asym 

mostly lipids with minor protein contribution 

2852m 

i.'tCKOSym 

essentially lipids 

2725w 

?tCH) aliphatic 

essentially lipids 

1126mw 

t ICO skeletal, trans con formalin n 

mainly lipid with minor protein contribution 

1082mw 

* (CO skeletal, random conformation 

mainly lipid with minor protein contribution 

I062mw 

»<<CO skeletal, trans conformation 

mainly lipid with minor protein contribution 

I031mw 

MCC) skeletal, cis conformation 

mostly protein with small lipid contribution 


Samples were exhaustively dcJipidUcd as described in section 2. Dam are wavenumber positions of C-H and C-C vibrational modes 
from representative spectra of 44X11) scans nhtuined at resolution of 4 cm* 1 . 
" x. .strong: ro. medium; w, wc:ik: sh. shoulder. 
h v. stretch: Asym. asymmetric: Svm symmetric 


Table I 

FT Raman spectral assignments of the mum vibrational modes 
for human stratum comeum 


Wavenumber 
(cm ')* . 

Assignments and approximate 
description of vibrational modes p 

3060w 

u(CH) oicilnic 

2958m, sh ; 

u(CH;,)Asym 

2931s ... 

s iilCTIj)Sym 

2883m 

>* u(CH : >Asym - ' i 

2852m 

vCCHOSym 

1652s 

u(C-0) amide Ita-helix) 

1585w 

u(C-Oolefintc 

1552w 

S(NH) and i-(CN) amide 11 

1438s 

cHOiO scissoring 

1296m 

J5(ChI) 

I274rn 

*><CN>and fiCNM) amide 111 


(a-helix) 

1244w,sh 

WOT; ) wagping; nK.N) amide 111. 


disorder 

H72w 

wlCO 

ll26mw 

i'(CO skeletal. tram conformation 

l(J82mw 

vtCO skeletal, random conformation 

1062mw 

. v(CC) skeletal, rm/rv conformation 

lOMrrrw 

v(CO skeletal, to conformation 

10U2rn 

viCC) aroma lie ring 

: Vi44w 

i»(CS> . 

-623w 

k(CS) 


Data are wavenumber posuium ol hands in a representative 
spectrum resultine.' from 40U0 scam at a resolution of 4 cm 
. Asym, asymmetric: Svm, symmetric Abstracted from Barry ct 
al ; (1992). 

* -X strong; m. medium; w. weak: sh. shoulder. 
h % stretch; R. deformation. 
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Tabic 3 

FT Raman spectral assignments of the main vibrational modes 
for. dimethyl sulfoxide (DMSO) and deuterium exchanged 
dimethyl sulfoxide CDMS0^ 6 ) 


Wavenumber (cm* 1 ) * 


Assignments and 

DMSO 

DMSCW 6 

approximate 


description of . 
vibrational modes b 

2997s 


v(CH 3 ) Asym. 

2914vs 


v(CH) Sym. 

2S91wsh 


iKCH 3 )Sym. 


2249s 

iKCD 3 ) Asym. 


2125vs 

iKCD)Sym. 


1996w 

v(CDj)Sym. 

1420m 


5CCH) 

3(CHi-S)Sym. 

1310w 



1057m &h 

5(CH) degenerate 


1032m sh 


1044m 


v(S»0) 


1008s 

u(S-O) 

955w 


^(CH^rock 


82Iw 

5(CH 3 >rock 


7Mm 

S(CH 3 )rock 

*700s 


w(C-S-Q Asym. 

£70* 


iKC-S-O Syro 

614vs 

v(CS) Asym. 

384m 


fi(C-So.O) 

335s 

34lm 

fi(C-S-O) 

30Srn 

308s 

SCC-SO 


264ms 

5(05-0 


Asym, asymmetric; Sym., symmetric Samples of DMSO and 
, DMSOd 6 were presented in a 2 cm 5 quartz cuvette to a 
near-infrared Nd:YAG Jaser. Data represent wavenumber 
positions of bands in spectra generated from 200 scans at a 
resolution of 4 cm" 

* v, very; s, strong; m, medium; w, weak; sh, shoulder. 
b u, stretch; 6, deformation. 


some unidentified material, consists mainly of 
proteins (75-809&) and lipids (5-15%), a large 
contribution from the proteins to the vibrations 
in the C-H regions is to be expected. 

DMSO possesses several distinctive and char- 
acteristic bands and assignments for the observed 
Raman active vibrational modes of non-de- 
uterated and deuterium-exchanged DMSO are in 
Table 3. Of particular interest are the bands in 
the 1050-1000 cm" 1 region assigned as S«0 
stretching modes. The appearance of these bands 
in the spectrum of stratum corneum following a 1 
h treatment indicates the presence of DMSO in 
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the tissue. In the 1700-1250 cm" 1 region where 
the amide I and III bands occur in the stratum 
corneum, DMSO is devoid of any vibrations and 
hence changes observed in the stratum corneum 
spectra after treatment with DMSO must arise 
from changes in the molecular environment of 
the amide bonds and are not due to interference 
from DMSO bands. 

Contrary to the conclusions of a recent X-ray 
diffraction study by Garson et al. (1991) which 
indicated that human stratum corneum keratin 
was mainly in the form, FT Raman vibrations 
recorded for human stratum corneum show that 
the proteins exist predominantly in the a-helix 
conformation as indicated by the positions of the 
amide I and III bands at about 1650 and 1274 
cm" 1 , respectively (Barry et aL, 1992). The sol- 
vents used in our study for lipid extraction did 
not change protein conformation as the amide I 
band in the extracted stratum corneum was also 
at about 1650 cm -1 . 

At low applied concentrations of DMSO 
(around 20% v/v), there were minor yet real 
changes in spectral features arising from C-H 
stretching modes of stratum corneum (Fig. 3). 
Deuterated DMSO was used for this investiga- 
tion and the CD modes were clearly separated 
from the CH vibrational modes of stratum 
corneum. Hie bands at about 2881 and 2850 
cm" 1 in untreated stratum corneum are asym- 
metric and become more asymmetrical in stratum 
corneum treated with various concentrations of 
DMSO. Generally, all the bands in the 3100-2700 
cm -1 region broaden in stratum corneum treated 
with DMSO. 

Fig. 4 is a comparison of the FT Raman spec- 
tra over the 1800-1100 cm" 1 wavenumber range 
of untreated stratum corneum and stratum 
corneum treated with various concentrations of 
DMSO. Ccmipared with an untreated sample, 
following application of increasing concentrations 
of DMSO, the amide I band shifts significantly 
and reprodudbly by about 2 cm" 1 to higher 
wavenumbers (Fig. 5a). There was a small but 
steady shift in the position of the amide I band to 
higher wavenumbers from 10 to 60% v/v DMSO. 
From 70% v/v to pure DMSO there was no 
appreciable shift in the position of this band as 
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shown by the plateau in the graph. The intensity 
of the amide I band relative to the neighbouring 
CH 2 scissoring mode decreases markedly with 
the appearance of a new band at about 1673 
cm -1 . The amide III band shifts to a lower 
wavenumber by about 4 cm" 1 from approx. 1273 
cm" 1 to approx. 1269 cm" 1 (Fig. 5b). This shift 
was gradual from 10 to 50% v/v DMSO with a 
sudden increase in the magnitude of shift at 60% 
v/v DMSO as seen from the change in the slope 
of the graph. Thereafter, there was no further 
appreciable shift in the position of the amide III 
band These changes are consistent with conver- 
sion of the protein from an a-helical conforma- 
tion to /3-pleated sheets that has been observed 
in other natural proteins and synthetic polypep- 
tides (Tu, 1982). These changes were observed 
with concentrations of DMSO as low as 20% v/v. 
Treatment with increasing concentrations of 
DMSO produced increasing amounts of 0-pleated 
sheet form relative to a-helix, and with pure 
DMSO, the intensity of the /3-pleated sheet form 
predominated. 

- ■ In the absence of calibration data for proteins 
with known a-helical and 0-sheet composition, 
we employed curve-fitting for the first time, to 
separate the bands in the amide I region of 
untreated stratum corneum and stratum corneum 
treated with various concentrations of aqueous 
DMSO in order to determine semi-quantitatively 
the proportions of a-helical and jS-sheet proteins 
present in stratum corneum before and after 
treatment. Although curve fitting has limitations, 
with careful choice and use of parameters, over- 
lap pihg bands found i n heterogene ou s systems 
such as human skin can "be effectively and cor- 
rectly separated (Maddams, 1980). In the work 
reported here, for all the bands curve-fitted, the 
statistical goodness of fit was better than 99.9% 
but visual inspection was still employed as sug- 
gested by Maddams ( 1 980). 

Using X-ray diffractometry to study changes in 
palmar cuttings caused by heat, Baden et al. 
(1973) reported that in addition to a predomi- 
nantly a-helical content, epidermis and stratum 
corneum contains 5-10% anti-parallel /J-sheet 
and that parallel 0-sheets (initial concentration 
not stated), formed as a result of heat-induced 


conformational changes in the a-helices. The 
profiles in Fig. 6a and b show the experimentally 
generated Raman spectra from human stratum 
corneum (top traces) with the derived composites 
from curve fitting underlying each. These profiles 
resulting from curve fitting of our spectra show 
that the observed amide I band in human stratum 
corneum following mild heat separation is a com- 
posite of three bands at about 1650, 1670 and 
1695 cm" 1 attributed to a-helices, the symmetri- 
cal parallel Amide I mode of anti-parallel 0- 
pleated sheets and the asymmetrical parallel 
amide 1 mode Of anti-parallel /3-pleated sheets 
respectively (Walton and Blackwell, 1973; Tu, 
1986). Anti-parallel /3-pleated sheets actually have 
four Raman-active vibrational modes of which 
the symmetrical parallel amide I mode of anti- 
parallel 0-pleated sheets, at about 1670 cm" 1 , is 
the strongest and most easily observable. The 
other three modes are usually much weaker and 
may in fact not be detectable. From the profiles 
in Fig. 6a we were also able to detect the asym- 
metrical parallel amide I mode of anti-parallel 
0-pleated sheets at about 1695 cm" 1 . The re- 
maining two, symmetrical and asymmetrical per- 
pendicular amide I vibrational modes of the 
anti-parallel 0-pleated sheets, were not de- 
tectable in the spectra of human stratum corneum 
before and after treatment with DMSO. The 
bands at about 1585, 1606 and 1618 cm" 1 are 
presumed to arise from unidentified protein 
residues. 

From the areas under the bands, we calculated 
the proportion of the Raman signal in untreated 
stratum corne u m arising from a-helical keratin to 
be approx. 60 ± 9%, from the symmetrical paral- 
lel amide I mode of anti-parallel /3-pleated sheets 
to be approx. 15 ± 3%, and from the asymmetri- 
cal parallel amide I mode of anti-parallel 0- 
pleated sheets to be approx. 8 ±2%; approx. 
17 ±4% was from unidentified protein residues 
[(S.E.), n « 4]. These results are presented graph- 
ically in Fig. 7a. Anti-parallel ^-pleated sheet in 
human stratum corneum gives rise to two vibra- 
tional amide I modes at approx. 1670. and 1695 
cm' 1 whereas there is a single amide I mode at 
about 1652 cm" 1 arising from the a-helical ker- 
atin. To confirm that the two observed modes of 
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anti-parallel 0-pleated sheets are indeed due to 
the same species* we calculated the ratio of the 
areas of symmetrical/asymmetrical parallel amide 
I modes of anti-parallel 0-sheets in stratum 
corneum treated with different concentrations of 
DMSO. If the two modes arise from different 
molecular species, we would expect a trend in the 
ratios* either increasing or decreasing with in- 
creasing concentrations of DMSO. Regression 
analysts, however, showed no correlation between 
DMSO concentration and symmetrical / asymmet- 
rical 0-keratin ratio (r» 0.065); the mean ratio 
was 153 ± 0.21. This is strong evidence that the 
two modes (symmetrical and asymmetrical) arise 
from a single 0 -keratin molecule. 

In order to estimate the relative proportion of 
£ -keratin to a-helical keratin in the stratum 
corneum, we averaged the areas under the two 
modes arising from anti-parallel 0-keratin. This 
average value was then added to the area of the 
a-helical band to obtain the total area of a-heli- 
cal and anti-parallel p-sheet keratin produced 
following treatment with different concentrations 
of DMSO. To calculate the amounts of a-helical 
keratin and 0-pleated sheets present in stratum 
corneum from the areas under the bands, we 
assumed a linear relationship between amount 
and the signal arising from various modes of the 
two conformations following treatment with 
DMSO. The amount of each type of conforma- 
tion was then obtained as percent fraction of the 
total. 

The amounts of a-helical and anti-parallel £- 
pleated sheet keratin relative to one another in 
the stratum corneum at different DMSO concen- 
trations are shown in Fig. 7b, expressed as a 
percentage of a-helical plus 0-pieated keratin. 
On first observation, the amount of 0-pleated 
sheets so calculated in untreated stratum corneum 
(approx. 16%) as detected by Raman spec- 
troscopy coupled with curve fitting appeared 
somewhat higher than the previously reported 
amounts of 5^10% (Baden et ai. t 1973). To assess 
if this high proportion arises as an artefact from 
our method of preparation of stratum corneum 
(trypsin izing epidermal membranes previously 
heat-separated at 60°C), we also collected Raman 
spectra from samples of stratum corneum pre- 


pared by scraping abdominal skin thus avoiding 
such treatment Following curve fitting and calcu- 
lation of the areas under the bands, similar levels 
of symmetrical parallel amide 1 mode of anti- 
parallel j3-pleated sheets and asymmetrical paral- 
lel amide I mode of anti-parallel 0-pleated sheets 
and a-helical keratin were found in stratum 
corneum scrapings as in heat-separated stratum 
corneum. This suggests that the temperature we 
used for our sample preparation together with 
the extremely mild txypsinization procedure did 
not change stratum corneum proteins from a- 
belices to ^-sheets. 

The amide I band arises predominantly (about 
80%) from OO stretching vibrations of the 
CONH group and to determine if C ■» O vibra- 
tions from the fatty acids were contributing signif- 
icantly to this band we also curve-fitted the amide 
1 band in lipid-extracted stratum corneum. Simi- 
lar profiles (Fig. 6b) and values were obtained as 
for whole stratum corneum suggesting that in- 
deed there are more ^-pleated sheets in stratum 
corneum than have previously been reported 
(Baden et al., 1973). 

Following treatment with increasing concen- 
trations of DMSO solutions, the signals arising 
from symmetrical parallel amide I mode of anti- 
parallel 0 -pleated sheets and asymmetrical paral- 
lel amide I mode of anti-parallel 0-pleated sheets 
increased while the signal from the a-helical ker- 
atin decreased (Fig. 7a). There was initially a 
small but steady increase in the amounts of anti- 
parallel 0-pleated sheets formed up to 60% v/v 
DMSO. Then there was an abrupt increase in the 
amount of anti-parallel 0-pleated sheets as shown 
by the change in the slope of the graph in Fig. 7b; 
beyond 70% v/v the amount formed was essen- 
tially constant. With pure DMSO, the amount of 
anti-parallel 0-pleated sheets structures in the 
stratum corneum was approx. 46% (Fig. 7b). 

The band attributed to the perpendicular 
amide I mode of the parallel 0-pleated sheets at 
about 1632 cm" 1 appeared for the first time in 
the Raman spectrum of stratum corneum treated 
with 90% v/v aqueous DMSO. The area of the 
parallel /3-pleated sheets formed, was added to 
that of a-heiical keratin and anti-parallel 0- 
pleated sheets and the amount calculated as per- 
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cent fraction of the total. The amount of parallel 
^-pleated sheets represents about 3% of the total 
a-helical and 0-sheet structures in human stra- 
tum corneum. Similar amounts were produced by 
pure DMSO, The parallel amide 1 mode of the 
parallel fi-pleated sheets at about 1645 cm" 1 was 
not observed. The band at about 1652 cm" 1 aris- 
ing from the a-helical keratin was however, still 
present at approx. 51% showing that the conver- 
sion to /3-sheets was not complete even with pure 
DMSO. 

The vibrational modes of the parallel and 
anti-parallel /3-sheets discussed above are shown 
in Fig. 8. In anti-parallel 0-sheets, each unit cell 
contains four peptide groups arising from two 
adjacent chains. Adjacent chains can move in 
phase or out of phase. Specifically, in the sym- 
metrical parallel amide 1 mode of anti-parallel 
/Sheets at approx. 1670 cm" 1 , adjacent peptide 
groups move in phase. Similarly, adjacent groups 
in the asymmetrical parallel amide 1 mode of 
anti-parallel /3 -sheets at approx. 1695 cm" 1 also 
move iii phase. Adjacent groups across interchain 
hydrojgen bonds in the perpendicular amide I 
mode of parallel 0-pleated sheets move out of 
phase. The plus and minus signs represent the x 
components of the transition moments of the 
peptide groups pointing upward and downward, 
respectively, in the plane of the paper. 

The changes outlined above suggest that 
DMSO, in addition to altering the protein con- 
formation, also affects the intercellular lipids in 
stratum comeum. The lipids in the stratum 
corneum ate arranged in a multiply bflayered 
structure. At physiological temperatures and in 
their unperturbed state, stratum corneum lipids 
exist in various phases; crystalline, gel and liquid 
crystalline forms with the gel phase predominat- 
ing (White et al„ 1988). In the gel phase, lipid 
backbone C-C bonds are arranged in a zig-zag 
manner such that the alkyl chains are maximally 
extended, affording close packing. This is the 
all-toon* structure which has the lowest energy 
and lateral motion is highly restricted (Lec, 1975). 
With thermal or chemical perturbation, trims 
conformcrs convert to gauche conformers along 
the alkyl chains. The energy associated with the 
structure is higher and the carbon atoms are less 


rigidly held together and thus C-C single bonds 
along the alkyl chains vibrate with a greater de- 
gree of motional freedom. This increasing mobil- 
ity along the alkyl chain is associated with a 
decrease in the microviscosity of the hydrocarbon 
region of the lipid bilayer. The lipids are thus 
thought to exist in a more fluid-like state and this 
is termed the liquid crystalline phase. 

The force constants of the C-C bonds in trans 
and gauche conformations are different and as 
such the stretching vibrations occur at different 
frequencies. It has been shown that C-H stretch- 
ing vibrations are sensitive to changes in their 
environment and are thus significantly affected by 
changes in the conformation of the adjoining C-C 
bonds (Snyder et al., 1982; Casal and Mantsch, 
1984). Changes observed in the frequencies of the 
C-H vibrations are therefore an indirect measure 
of structural changes in the lipids. Shifts to lower 
wavenumbers of up to 3 cm" 1 in the frequency of 
the CH 3 symmetric stretching vibration of stra- 
tum corneum (from approx. 2933 cm" ' to approx. 
2930 cm" 1 ) were observed after treatment with 
different concentrations of DMSO (Fig. 3). As 
mentioned earlier, there are contributions from 
both the lipids and proteins to this vibrational 
mode and these changes observed following treat- 
ment with DMSO may be indicative of interac- 
tions between DMSO and stratum corneum lipids 
and proteins (Fig. 5c shows a graphical represen- 
tation of these shifts). The C-H oleflnic stretching 
mode, mainly due to stratum corneum keratin, 
also shifted by 4 cm" 1 to lower frequencies from 
approx 3062 cm" 1 to approx. 3058 cm -1 over the 
range 0-100% DMSO (Fig. 5d). 

The intensity ratio Umm/Iwsq) of the peak 
heights of the bands at about 2880 and 2850 
cm" 1 , corresponding to the C-H asymmetric and 
symmetric stretching frequencies of the methy- 
lene groups arising mainly from the lipids, has 
been used to study the structure and phase tran- 
sitions of the hydrocarbons in model phospho- 
lipid membranes such as dipahnitoyl phos- 
phatidylcholine (DPPC) and porymetbylene chains 
(Gaber and Peticolas, 1977; Snyder et aL, 1978). 
The /288o/^2aso ratio measures both lateral pack- 
ing in the extended chains of the lipid bilayer and 
conformational order/disorder seen in gel and 
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liquid crystalline phases. A broad asymmetric 
band underlies the CH 2 asymmetric stretching 
mode at approx. 2880 cm" 1 (Snyder et al. f 1978). 
This broad band is involved in Fermi resonance 
interaction with the first overtone of a methylene 
bending mode at approx. 1440 cm" 1 and con- 
tributes to the intensity of the 2880 cm -1 band. 
When the population of gauche conformers in 
the lipid bilayers of the stratum corneum in- 
creases following treatment with DMSO-d 6 , the 
chain symmetry disappears and with it the reso- 
nance condition ceases. The contribution from 
the first overtone of the 1440 cm" 1 band disap- 
pears and therefore, the relative intensity of the 
2880 cm" 1 band decreases, whereas the 2850 
cm" 1 is not affected with its intensity remaining 
essentially constant. Consequently, the intensity 
ratio (/jgso/^nso) decreases with an increase in 
the number of gauche conformers in the system. 
Fig. 5e shows a plot of the 1 7 bso/ i 785o of 
stratum corneum as a function of DMSO concen- 
tration. Although the magnitude of this change is 
Less than that obtained for thermally induced 
conformational changes in D3PPC (Brown et al M 
1973; Utman et aU 1991), it is reproducible and 
does suggest the production of intramolecular 
chain disorder arising from trans-gauche isomer* 
ization of the lipid alkyl chains within the bilayer. 
There was initially a small decrease in the inten- 
sity ratio from the untreated control to stratum 
corneum treated with 40% v/v DMSO. This was 
followed by a more rapid decrease between 40 
ami 80% v/v DMSO after which the rate of 
change fell. 

Further evidence for this disorder is seen in 
the changes in the C-C skeletal stretching region, 
whereby the alky! C-C backbone yields informa- 
tion about membrane structure and fluidity. The 
1062 and 1126 cm" 1 bands arise from the trans 
conformation of the C-C stretch while the 1082 
cm" 1 band is thought to be mainly due to the 
gauche conformation of the C-C stretch. Deuter- 
ated DMSO, however, also has bands in the 
1000-1050 cm" 1 region and to study changes in 
the C-C modes of the skin, aqueous solutions of 
non-detiterated DMSO were therefore used. With 
increasing concentrations of DMSO, the intensi- 


ties of the 1126 and 1062 cm" 1 bands greatly 
diminish, consistent with fewer trans conformers, 
whereas the 1082 cm" 3 band broadens, increases 
in intensity and shifts to lower frequencies by up 
to 7 cm" 1 (Fig. 50 consistent with a greater 
number of gauche conformers. These results are 
in good agreement with those obtained for chlo- 
roform-induced disordering of DPPC chains 
(Gaber and Peticolas, 1977). It is observed, how- 
ever, that the changes in the C-C skeletal band at 
1082 cm" 1 occurred between 0 and 60% v/v 
DMSO after which there was no further appre- 
ciable change. It may well be that since this band 
arises mainly from gauche conformers of the 
lipids, the maximum fluidity attained by stratum 
corneum lipids denoted by changes in this band 
were achieved at 60% v/v DMSO and hence no 
further shift in the frequency of this band at 
higher DMSO concentrations. In a previous FTIR 
study of the effect of DMSO on stratum corneum 
constituents, Oertel (1977) was unable to show 
these changes in the alkyl backbone region of the 
lipids because vibrational features below 1300 
cm" 1 in the infrared spectrum of stratum 
corneum are usually very weak and poorly re- 
solved 

Overall, the results from this study show a 
concentration-dependence in the action of DMSO 
on stratum corneum lipids and proteins and cor- 
relates with data from earlier DSC studies (Barry, 
1987). 

DMSO is a powerful dipolar aptotic solvent 
which forms an association complex with water at 
a concentration of about 67% v/v DMSO through 
dipole-dipole interactions and through hydrogen 
bonding interactions which are stronger than 
those formed between water molecules (Cowie 
and Toporowski, 1961). Figs. 9 and 10 illustrate 
changes in the S = 0 stretching mode of DMSO 
and the O-D bands of D 2 0, respectively. The 
S — O stretching Raman band in pure DMSO 
occurs at about 1045 cm" 1 . With increasing 
amounts of water, the position of this band grad- 
ually shifts to lower frequencies until, in the 10% 
v/v aqueous solution, it occurs at approx. 1014 
cm" 1 . There were also changes in the O-D bands 
of water when present with different proportions 
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Fig. 10. FT Raman spectra of DMSO-water mixtures in the 
O-D stretching region of deuterium oxide in concentrations 
ranging from 10% v/v (bottom trace) to pure (top trace) at 
intervals of 10% v/v. 


of DMSO. Both of these phenomena correlate 
with results from other studies (Schcref et a!., 
1973; Bertoluzza et aL, 1979). 
, The nature of DMSO-water binary mixtures 
has been the subject of many investigations and it 
is generally agreed that at high concentrations, 
DMSO breaks up the structure of water. It is 
likely that the structural effects of DMSO on 
water present in biological systems can help ex- 
plain its various biological properties. The obvi- 
ous site for such interactions in the skin is at the 
polar head group regions of the lipids, and with 
keratin where water is present. It is worth noting 
that in the skin, similar shifts were observed in 
the S » O stretching mode of DMSO as those 
observed when it was mixed with water. Results 
from small angle X-ray scattering (SAXS) studies 
have shown that the repeat distance between 
lipid lamellae found in untreated human stratum 
corneum remained unchanged upon treatment 
with water, indicating that no swelling between 
the lipid bilayers occurred and therefore water 
did not intercalate between the bilayers (Bouwstra 
et aL, 1991). This implies that water in extensively 
hydrated skin is mainly associated with the ker- 
atin component of the corneocytes. In the native 


form, the conformational integrity of a protein is 
dependent upon bound water which forms a hy- 
dration sheath. DMSO may substitute or displace 
this bound water and in so doing alter the protein 
conformation as observed in the present study. 

However, these protein structural changes can- 
not fully explain the actions of DMSO as at 
concentrations similar to those at which it is 
known to enhance drug flux, DMSO was shown 
to affect stratum corneum lipids and the intercel- 
lular domain is presumed to be the main site of 
the resistance to solute transport for most drugs. 
In addition, DMSO may promote the partitioning 
of lipophilic drugs into the stratum corneum. 

In conclusion, therefore, DMSO appears to 
absorb into the corneocytes whose keratin confor- 
mation tends to alter from an a-helk to ^-sheets. 
In the lipid domains, DMSO appears to disturb 
the multilamellar lipid bilayers by causing confor- 
mational changes from an all trans gel phase to a 
trans-gauche liquid crystalline phase. Overall, the 
action of DMSO on the keratin and lipids thus 
results in looser or more permeable structures 
which are presumably responsible at least in part 
for the observed increases in the flux of very 
many drugs following DMSO treatment; 
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The application of medicinal substances to the skin or various 
body orifices is a concept doubtless as old as humanity. The 
papyrus records of ancient Egypt describe a 'variety "of such 
medications for external use. Galen described the use in Roman 
times of a forerunner to today's vanishing creams. 

Medications are applied in a variety of forms reflecting the 
ingenuity and scientific imagination of pharmacists through 
the centuries. New modes of drug delivery have been developed 
to remedy the shortcomings of earlier vehicles or, more re- 
cently, to optimize drug delivery. Conversely, some external 


medications have fallen into disuse because of changes in the 
practice of medicine. 

Medications are applied to the skin or inserted into body 
orifices in liquid, semisolid or solid form. Ophthalmics and 
topical aerosol products will not be discussed in this chapter. 
Ophthalmic use imposes particle size, viscosity and sterility 
specifications that require separate, detailed discussion (see 
Chapter 43). The complexity of pharmaceutical aerosol 
systems necessitates their inclusion elsewhere (see Chap- 
ter 50). 


EPIDERMAL AND TRANSDERMAL 
DRUG i DE LIVERY 

The Skin 

The skin often has been referred to as the largest of the body 
organs: an average adult's skin has a surface area of about 2 
m 2 . It is probably the heaviest organ of the body. Its accessi- 
bility and the opportunity it affords to maintain applied prep- 
arations intact for a prolonged time have resulted in its in- 
creasing use as a route of drug administration, whether for 
local, regional, or systemic effects. 

Anatomically, human skin may be described as a stratified 
organ with three distinct tissue layers: the epidermis, the der- 
mis and the subcutaneous fat layer (Fig 44-1). 

Epidermis, the outermost skin layer, comprises stratified 
squamous epithelial cells. Keratinized, flattened remnants of 
these actively dividing epidermal cells accumulate at the skin 
surface as a relatively thin region (about 10 fjum thick) termed 
the stratum corneum, or horny layer. The horny layer is itself 
lamellar with the keratinized cells overlapping one another, 
linked by intercellular bridges and compressed into about 15 
layers. The lipid-rich intercellular space in the stratum cor- 
neum comprises lamellar matrices with alternating hydro- 
phobic layers and lipophilic bilayers formed during the process 
of keratinization. The region behaves as a tough but flexible 
coherent membrane. 

The stratum corneum also is markedly hygroscopic — far 
more so than other keratinous materials such as hair or nails. 
Immersed in water the isolated stratum corneum swells to 
about three times its original thickness, absorbing about four to 
five times its weight in water in the process. The stratum 
corneum functions as a protective physical and chemical bar- 
rier and is only slightly permeable to water. It retards water 
loss from underlying tissues, minimizes ultraviolet light pene- 


tration, and limits the entrance of microorganisms, medica- 
tions, and toxic substances from without. The stratum.corneum 
is abraded continuously. Thus, it tends to be thicker iri regions 
more Hiibject to abrasion or Um (muring of weight. Uh regener- 
ation is provided by rapid cell division in the basal cell layer of 
the epidermis. Migration or displacement of dividing cells to- 
ward the skin surface is accompanied by differentiation^ of the 
epidermal cells into layers of flat, laminated plates, as noted 
above. An acidic film (pH ranging between 4 and 6.5, depending 
on the area tested) made up of emulsified lipids covers the 
surface of the stratum corneum. = 

The dermis apparently is a gel structure-involving a fibrous 
protein matrix embedded in an amorphous, colloidal, ground 
substance. Protein, including collagen and elastin fibers, is 
oriented approximately parallel to the epidermis. The dermis 
supports and interacts with the epidermis, facilitating its con- 
formation to underlying muscles and bones. Blood vessels, lym- 
phatics, and nerves are found within the dermis, though only 
nerve fibers reach beyond the dermal ridges or papillae into the 
germinative region of the epidermis. Sweat glands and hair 
follicles extending from the dermis through the epidermis pro- 
vide discontinuities in an otherwise uniform integument. 

The subcutaneous fat layer serves as a cushion for the 
dermis and epidermis. Collagenous fibers from the dermis 
thread between the accumulations of fat cells, providing a 
connection between the superficial skin layers and the subcu- 
taneous layer. 

HAIR FOLLICLES AND SWEAT GLANDS — Human 
skin is sprinkled liberally with surface openings extending well 
into the dermis. Hair follicles, together with the sebaceous 
glands that empty into the follicles, make up the pilosebaceous 
unit. Apocrine and eccrine sweat glands add to the total. 

PILOSEBACEOUS UNITS— Human hair consists of com- 
pacted keratinized cells formed by follicles. Sebaceous glands 
empty into the follicle sites to form the pilosebaceous unit. The 
hair follicles are surrounded by sensory nerves; thus, an im- 
portant function of human hair is sensory. Human hair varies 
enormously within the same individual, even within the same 
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could enhance vehicle-skin partitioning efficiency and drug 

Per pENETRAT!ON ENHANCERS— This terra has been 
used to describe substances that facilitate absorption 
through the skin. While most materials have a direct effect 
on the permeability of the skin, other so-called enhancers 
(eg polyols, such as glycerin and propylene glycol) appear to 
augment percutaneous absorption by increasing the thermo- 
dynamic activity of the penetrant, thereby increasing the 
effective escaping tendency and concentration gradient ot 
the diffusing species. Penetration enhancers wit h . a . dire ct 
effect on skin permeability include solvents surfactants and 
n^iscillaTODus chemicals such as urea and JW-diethyl-m- 
toluamide (Table 44-3). lfl ' 17 The mechanism of action ot 
these enhancers is complex since these substances also may 
increase penetrant solubility. Nonetheless, the predominant 
effect of these enhancers on the stratum corneum is either to 
increase its degree of hydration or disrupt its lipoprotein 
matrix. In either case, the net result is a decrease ^-resis- 
tance to penetrant diffusion. (The formulator should note 
that the inclusion of a penetration enhancer in a topical 
formulation mandates additional testing and evaluation to 
ensure the absence of enhancer-related adverse effects ) 

Foremost among the solvents that affect skin permeability 
is water. As noted above, water is a factor even for anhydrous 
transdermal delivery systems due to their occlusive nature. 
Due to its safety and efficacy, water has been described as -the 
ultimate penetration enhancer. Other solvents include the clas- 
sic enhancer, dimethyl sulfoxide (DMSO), which is of limited 
utility because of its potential ocular and dermal toxicity its 
objectionable taste and odor (a consequence of its absorption 
and subsequent biotransformation), and the need for concen- 
trations in excess of 70% to promote absorption. Analogs ot 


Table 44-3. Penetration Enhancers 1 ' 


Solvents 


Amphiphiles 


Miscellaneous 


Water 
Alcohols 

Methanol 

Ethanol 

2-Propanol 
Alkyl methyl sulfoxides 

Dimethyl sulfoxide 

Decylmethyl sulfoxide 

Tetradecyimethyl sulfoxide 
Pyrrolidones 

2-Pyrrolidone 

N-Methyl-2-pyrrolidone 

/V-(2-Hydroxyethyl)pyrrolidone 
Laurocapram 
Miscellaneous solvents 

Acetone 

Dimethyl acetamide 
Dimethyl formamide 
Tetrahydrofurfuryl alcohol 

L-a-Amino acids 
Anionic surfactants 
Cationic surfactants 
Amphoteric surfactants 
Nonionic surfactants 
Fatty acids and alcohols 

Clofibric acid amides 
Hexamethylene lauramide 
Proteolytic enzymes 
Terpenes and sesquiterpenes 

a-Bisabolol 

c/-Limonene 
Urea 

tyW-Diethyl-m-toluamide 
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Figure 44-7. Dermal clearance of "Na in young and aged subjects 
after intradermal injection (data from Reference 19). 


DMSO such as decylmethyl sulfoxide are used currently in 
some topical formulations. In contrast with other solvents, 
laurocapram (l-dodecylazacycloheptan-2-onej.Azone) has been 
shown to function effectively at low concentrations (=£5%). Fur- 
thermore, Azone's effect on skin permeability persists long 
after a single application, due apparently to its prolonged re- 
tention within the stratum corneum. 

Surfactants, long recognized for their ability to a ter mem- 
brane structure and function, can have a substantial effect on 
skin permeability. 18 However, given the irritation potential of 
surfactants applied chronically, their utility as penetration 
enhancers is limited. Their effect on permeability may be com- 
plicated further by surfactant-monomer aggregation to form 
micelles and the concomitant solubilization of the permeant. As 
the impact of surfactants on skin permeability of a penetrant is 
problematic, the effect of their inclusion in a formulation 
should be evaluated using appropriate m vitro and in vivo 

^STRATUM CORNEUM BARRIER EFFICACY AND 
DERMAL CLEARANCE — Even though in vitro studies of 
percutaneous transport may reflect the resistance of the skin to 
drug diffusion, there is no way such studies can characterize 
adequately the transfer of diffusing drug into the microvascu- 
lature of the dermis and its subsequent transfer into general 

^Christopher and Kligman 19 evaluated the dermal clear- 
ance of "Na from the midback skin of volunteers following the 
intradermal injection of ^Na as normal saline so ution The 
dermal clearances, expressed in terms of the half-life tor ^dis- 
appearance of radioactivity, are plotted in Figure 44-7 bim- 
ilar results were obtained with disappearance of slun fluores- 
cence after intradermal injection of sodium fluorescein. The 


MEDICATED TOPICALS 845 



Ointments are semisolid preparations intended for external 
application to the skin or mucous membranes; usually, but not 
always, they contain medicinal substances. The types of oint- 
ment bases used as vehicles for drugs are selected or designed 
for optimum delivery of the drugs and also to contribute emol- 
liency or other quasi-medicinal qualities. Ointment properties 
vary, since they are designed for specific uses, ease of applica- 
tion, or extent of application. 

The official definition of ointment in its present form was 
introduced in the USP XV in 1955. The definition is broad and 
encompasses petrolatum, ie, oleaginous bases, emulsion 
bases— either water-in-oil (W/O) or oil-in-water (O/W)— and 
the so-called water-soluble bases. 

In unofficial terms, oleaginous bases are described as 
ointments, but emulsion bases may be termed creams or 
lotions. Either of these containing large amounts of solids is 
termed a paste. All of these subclasses are defined officially 

as ointments. * * * • ; 

Pharmaceutical authors have a penchant for denning ideal 
preparations, eg, the ideal base, the ideal vehicle, and so on. In 
practice, of course, there is no such thing. An individual cannot 
be all things to all people; neither can an ointment base be ideal 
for all drugs, all situations, or all skins, for that matter. An 
ointment base functioning as a drug vehicle should be opti- 
mized for a specific drug and, insofar as possible, for specific 
disease states or skin conditions. 

It is /-of course, possible to define certain specific require- 
ments for an ointment base to be used for extemporaneous 
compounding. Such a base should be nonirritating, easily re- 
movable, nonstaining, stable, non-pH-dependent, and widely 
compatible with a variety of medicaments. When one adds the 
stipulation that the base must release the same variety of 
medicaments, the implausibility of such definitions becomes 
evident. ^ — ... . 


Classification and Properties 

of Ointment Bases 

The USP recognizes four general classes of ointment bases, 
hereunder categorized into five classes for the purpose of indi- 
cating more definitively some differences in the principal prop- 
erties of the bases. 

HYDROCARBON BASES (OLEAGINOUS) 

Example: White Petrolatum, White Ointment 

1. Emollient 

2. Occlusive 

3. Non-water-washable 

4. Hydrophobic 

5. Greasy 

ABSORPTION BASES (ANHYDROUS) 

Examples: Hydrophilic Petrolatum; Anhydrous Lanolin 

1. Emollient 

2. Occlusive 

3. Absorb water 

4. Anhydrous 

5. Greasy 

ABSORPTION BASES (W/O TYPE) 

Examples: Lanolin, Cold Cream 

1. Emollient 

2. Occlusive 

3. Contain water 

4. Some absorb additional water 

5. Greasy 


WATER-REMOVABLE BASES (O/W TYPE) 

Example: Hydrophilic Ointment 

1. Water-washable 

2. Nongreasy 

3. Can be diluted with water 

4. Nonocclusive 

WATER-SOLUBLE BASES 

Example: Polyethylene Glycol Ointment 

1. Usually anhydrous 

2. Water-soluble and washable 

3. Nongreasy 

4. Nonocclusive 

5. Lipid-free 

The selection of the optimum vehicle from the classification 
above may require compromises so often encountered in drug 
formulation. For example, stability or drug activity might be 
superior in a hydrocarbon base; however, acceptability is di- 
minished because of the greasy naturejof the base. The water 
solubility of the polyethylene glycol^ases may be attractive, 
but the glycol(s) may be irritating to traumatized tissue. Drug 
activity and percutaneous absorption may be superior when 
using a hydrocarbon base; however, it may be prudent to min- 
imize percutaneous absorption by the use of a less occlusive 
base. 


OINTMENT BASES 


Hydrocarbon Bases 


Hydrocarbon bases are usually petrolatum per se or petrolatum 
modified by waxes or liquid petrolatum to change viscosity 
characteristics. Liquid petrolatum gelled by the addition of a 
polyethylene resin also is considered a hydrocarbon ointment 
base, albeit one with unusual viscosity characteristics. 

Hydrocarbon ointment bases are classified as oleaginous 
bases along with bases prepared from vegetable fixed oils or 
animal fats. Bases of this type include lard, benzoinated lard, 
olive oil, cottonseed oil, and other oils. Such bases are emollient 
but generally require addition of antioxidants and other pre- 
servatives. They are now largely of historic interest. 

Petrolatum USP is a tasteless, odorless, unctuous material 
with a melting range of 38 to 60°; its color ranges from amber 
to white (when decolorized). Petrolatum often is used exter- 
nally, without modification or added medication, for its emol- 
lient qualities. 

Petrolatum used^as an ointment base has a high degree ot 
compatibility with a variety of medicaments. Bases of this type 
are occlusive and nearly anhydrous and thus provide optimum 
stability for medicaments such as antibiotics. The wide meltmg 
range permits some latitude in vehicle selection, and the USP 
permits addition of waxy materials as an aid in minimizing 
temperature effects. 

Hydrocarbon bases, being occlusive, increase skin hydration 
by reducing the rate of loss of surface water. Bases of this kind 
may be used solely for such a skin-moisturizing effect, eg, white 
petroleum jelly as noted above. Skin hydration on the other 
hand may increase drug activity. Studies have indicated that 
steroids have increased activity, as measured by vasoconstric- 
tor effects, when applied to the skin in a hydrocarbon vehicle. 
Stoughton consistently found the same steroid more active 
when applied in a petrolatum vehicle than when applied in a 
cream (ie, O/W emulsion) vehicle. 
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A gelled mineral oil vehicle represents a unique addition to 
this class of bases that comprises refined natural products. 
Liquid petrolatum may be gelled by addition of a polyethylene. 
When approximately 5% of low-density polyethylene is added, 
the mixture heated and then shock-cooled, a soft, unctuous 
colorless material resembling white petrolatum is produced. 
The mass maintains unchanged consistency over a wide tem- 
perature range. It neither hardens at low temperatures nor 
melts at reasonably high temperatures. Its useful working 
range is between -15° and 60°. Excessive heat, le, above 90 , 
will destroy the gel structure. 

On the basis of in vitro studies, drugs may be released taster 
from the gelled mineral oil vehicle than from conventional 
petrolatum. This quicker release has been attributed to easier 
migration of drug particulates through a vehicle that is essen- 
tially a liquid than through petrolatum. 

Despite the advantages hydrocarbon or oleaginous vehicles 
provide in terms of stability and emolliency, such bases have 
the considerable disadvantage of greasiness. The greasy or-oily 
material may stain clothing and is difficult to remove. In terms 
of patient acceptance, hydrocarbon bases, ie, ointments, rank 
well below emulsion bases such as creams and lotions. 


A bsorption Bases _ 

Absorption bases are hydrophilic, anhydrous materials or hy- 
drous bases that have the ability to absorb additional water. 
The former are anhydrous bases, which absorb water to become 
W/O emulsions; the latter are W/O emulsions, which have the 
ability to absorb additional water. The word absorption in this* 
connotation refers only to the ability of the base to absorb 
water. Both types of base are exemplified by Anhydrous Lano- 
lin and Lanolin, The former is converted to the latter by the 
addition of 30% water. The latter in turn will absorb additional 
amounts of water. 

Hydrophilic Petrolatum USP is an anhydrous absorption 
base. The W/O emulsifying property is conferred by the 
inclusion of cholesterol. This composition is a modification of 
the original formulation, which contained anhydrous lano- 
lin The lanolin was deleted because of reports of allergy; 
cholesterol was added. Inclusion of stearyl alcohol and wax 
adds to the physical characteristics, particularly firmness 
and heat stability. 


the plethora of lanolin fractions, derivatives, modifications, a nd 
levels of purity, it is quite possible, even likely, that lanolin- 
sensitive individuals can tolerate specific lanolin products. 

Absorption bases, particularly the emulsion bases, impart 
excellent emolliency and a degree of occlusiveness on applica- 
tion The anhydrous types can be used when the presence of 
water would cause stability problems with specific drug sub- 
stances, eg, antibiotics. Absorption bases also are greasy when 
applied and are difficult to remove. Both of these properties 
are however, less obvious than with hydrocarbon bases. 

Commercially available absorption bases include Aquaphor 
(Bciersdorf) and Polysorb (Fougera). Nivea Cream (Beiersdorft 
is a hydrated emollient base. Absorption bases, either hydrous 
or anhydrous, are seldom used as vehicles for. commercial drug 
products. The W/O emulsion system is more difficult to deal 
with than the more conventional O/W systems, and there is, ot 
course, reduced patient acceptance because of greasiness. 


HYDROPHILIC PETROLATUM USP 

Cholesterol 
Stearyl Alcohol 
White Wax 
White Petrolatum 
To make 


30 g 
30 g 
80 g 
860 g 
1000 g 


Water-Removable Bases 


Water-washable bases or emulsion bases, commonly referred to 
as creams, represent the most commonly used type of ointment 
base By far the majority of commercial derm atologic drug 
products are formulated in an emulsion or cream base. Emul- 
sion bases are washable and removed easily from skin or cloth- 
ing. Emulsion bases can be diluted with water, although such 
additions are uncommon. . 

As a result of advances in synthetic cosmetic chemistry the 
formulator of an emulsion base can be faced with a bewildering 
variety of selections. Fortunately, the emulsion base can be 
subdivided into three component parts, designated as the oil 
phase, the emulsifier, and the aqueous phase. The medicinal 
agent may be included in one of these phases or added to the 
formed emulsion. . . 

The oil phase, sometimes called the internal phase, is typi- 
cally made up of petrolatum and/or liquid petrolatum together 
with one or more of the higher-molecular-weight alcohols 1 , such 
as cetyl or stearyl alcohol. Stearic acid may be included if the 
emulsion is to be based on a soap formed in situ, eg, trietha- 
nolamine stearate. A calculated excess of stearic acid in such a 
formulation will produce a pearlescent appearance in the fin- 
ished product. *" . A 

For drug-delivery vehicles, simplified systems are in order 
to minimize component interactions, either physical or chemi- 
cal and of course, to minimize cost. Hydrophilic Ointment 
USP is a typical emulsion base. The composition is as follows: 

HYDROPHILIC OINTMENT USP 


Melt the stearyl alcohol and white wax together on a ste^ ba^ ften 
add the cholesterol and stir until it completely dissolves Add the wh te 
petrolatum and mix. Remove from the bath, and stir until the mixture 
congeals. 

Lanolin is a complex mixture of substances. Its ability to absorb 
water is probably a characteristic of the material rather than a 
single component. The chemistry of lanolin has been studied in 
detail Such studies have resulted in the introduction of a large 
variety of lanolin derivatives and separated fractions. Avail- 
able now are lanolin alcohols, dewaxed lanolins acetylated 
lanolins, ethoxylated lanolins, hydrogenated lanolins, lanolin 
esters, and other products. Most of these derivatives have been 
produced for specific purposes, such as improved emulsmcation. 
characteristics or to reduce allergic reactivity. 

The specific compounds responsible for lanolin allergy re- 
main unknown; however, the greater portion of lanolin aller- 
gens resides in the wool wax alcohols fraction. Thus, fractional 
separation to obtain, for example, the so-called liquid lanolins 
substantially reduces the incidence of allergic reactions. Given 


Methylparaben 
Propylparaben 
Sodium Lauryl Sulfate 
Propylene Glycol 
Stearyl Alcohol 
White Petrolatum 
Purified Water 
To make about 


0.25 g 
0.15 g 
10 g 
120 g 
250 g 
250 g 
370 g 
1000 g 


Melt the stearyl alcohol and the white petrolatum on a steam bath, and 
warm to about 75°. Add the other ingredients, previously dissolved in 
the water and warmed to 75°, and stir the mixture until it congeals. 

Stearyl alcohol and petrolatum constitute an oil phase with the 
proper smoothness and comfort for the skin. Stearyl alcohol 
also serves as an adjuvant emulsifier. Petrolatum in the oil 
phase also contributes to the water-holding ability of the over- 
all formulation. . 

A glance at the cosmetic literature and such volumes as the 
Cosmetic, Toiletry and Fragrance Association's International 
Cosmetic Ingredient Dictionary impresses one with the enor- 
mous number and variety of emulsion-base components, par- 
ticularly oil-phase components. Many of these substances mi- 
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Penetration Enhancement of Transdermal 
Delivery — Current Permutations and 
Limitations 
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ABSTRACT: In order to achieve enhanced topical drug delivery, it is necessary to make 
physical or biomolecular structural alterations to the stratum corneum by suitable techniques 
or by the use of specific chemical agents or drug carriers. The role of the chemical penetration 
enhancer is to reversibly alter the barrier properties of the stratum corneum by disruption of the 
membrane structures or by maximizing drug solubility within the skin. Alternatively, permeant 
deliver}' to the dermal vasculature using one of several physical methods to reduce diffusional 
resistance within the skin may be used to promote drug penetration. In the present article, we 
summarize the major facets of the diverse spectrum of penetration enhancement techniques 
that include modification of the stratum corneum, lipid-based delivery systems, drug/vehicle 
interactions, bypassing the stratum corneum, and electrical techniques of enhancement. 

KEYWORDS: penetration enhancer, barrier, skin, stratum corneum, deliverv systems, 
vehicles, electrical techniques 


I. INTRODUCTION 

Optimized drug delivery systems common today achieve a balance between the 
physicochemical requisites for stability of active and inactive constituents, preserva- 
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tion against microbial spoilage, and, most importantly, presentation of the drug to 
the skin in a system that will allow appropriate release of the active. 1 

The transdermal permeation of drugs occurs via diffusion through the intact epi- 
dermis and through the skin appendages — i.e., hair follicles and sweat glands — that 
form shunt pathways through the stratum corneum (SC). However, these skin ap- 
pendages occupy only 0.1% of the total human skin surface, and the contribution of 
this pathway is usually considered to be small. Hie barrier function of mammalian 
skin is principally attributed to the intercellular lipid bilayers of the outer 10-20 pm 
of the epidermis, the SC. 2 Hie barrier properties of this layer are based on the specific 
composition of the SC lipids 3 and, in particular, the exceptional structural arrange- 
ment of the intercellular lipid matrix and the lipid envelope surrounding the cells. 4 
Hie SC organization has often been described by the "brick and mortar" model, 5 in 
which extracellular lipid accounts for approximately 10% of the dry weight of this 
layer, and 90% is intracellular protein (mainly keratin). 6 * 7 Hie SC lacks phospholipids 
but is enriched in ceramides and neutral lipids (cholesterol, fatty acids, cholesteryl 
esters) that are arranged in a bilayer format and form so-called "lipid channels." 8 

Two penetration pathways may be identified through the intact SC: the 
intercellular lipid route and the transccllular route through the corneocytes. In both 
cases the permeant must diffuse through the intercellular lipid bilayer matrix. 9 Hie 
ability of topically applied agents to interact with the intercellular lipids therefore 
dictates the degree to which percutaneous absorption maybe enhanced. Several path- 
ways could be involved in this process. Penetration is enhanced via the transcellular 
route by swelling of the intracellular protein matrix, which necessitates alteration 
of protein structure within the corneocytes. Hie passage of drug molecules by the 
intercellular route could occur via the lipoidal pathway or the aqueous pathway. In 
the lipoidal pathway, penetration could be enhanced by altering the crystallinity 
of the intercellular lipid bilayer through an increase in hydration of the lipid polar 
head groups. Alternatively, the lipid hydrophobic tails could be disordered to achieve 
the same effect. Increased drug partitioning could also be facilitated in the aqueous 
spaces between the lipid bilayers. 10 Regardless of the mechanism of action, in order 
to achieve enhanced drug delivery, biomolecular structural alterations must be made 
within the skin by suitable agents or drug carriers. 11 

Numerous articles in this field have been published in" recent years. Moser vx ;il. 12 
and Hadgraft 13 reviewed passive enhancement strategies in topical and transdermal 
drug delivery. Foldvari 14 discussed several chemical penetration enhancers, lipid- 
based delivery systems, the relationship between liposome composition and drug 
permeation, and the possible mechanism of action of lipid vesicle-mediated drug 
delivery. Asbill and Michniak 15 discussed transdermal activity of percutaneous pen- 
etration enhancers and retarders. Suhonen et al. 16 reviewed the skin barrier structure 
and function and the mechanisms of action of some well established permeation 
promoters, with a focus on their impact on SC structural alterations. Junginger and 
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Verhoef 17 reviewed novel types of macromolecular penetration enhancers, such as 
anionic polyacrylates and cationic chitosan derivatives. Bach and Lippold 18 reviewed 
the quantification of penetration enhancement. Chung 19 presented the feasibility 
of proliposomes as a sustained transdermal dosage form and the role of the SC in 
the enhanced delivery of drugs from liposomes. Barry 20 reviewed novel mechanisms 
and devices to enable successful transdermal drug delivery focusing on drug/vehicle 
interactions, the role of vesicles and particles, modification of the SC by hydration, 
and chemical enhancers. In addition, enhancement methods are described that by- 
pass or remove the SC tissue via microneedles, ablation of the barrier layer, follicular 
delivery, electrically assisted methods, or the use of synergistic interactions between 
chemical enhancers, ultrasound, iontophoresis, and electroporation. These methods 
are outlined in Table 1. 

Hie present article attempts to summarize the major facets of the diverse spec- 
trum of penetration enhancement techniques that have recently been reported. We 
have broadly classified the modes of penetration enhancement in terms of a chemical, 
vehicle, physical, or electrical basis; realizing that any disruption of the SC usually 
aftects several of the defined transdermal absorption parameters. Attempting to 
assign a single, specific mechanism of enhancement action is, therefore, difficult in 
many cases. 


II. MODIFIATION OF THE SC 
I LA. Sulfoxides 

Dimethylsulfoxide (DMSO) is an effective penetration enhancer that promotes 
permeation by reducing skin resistance to drug molecules or by augmenting drug 
partitioning from the dosage form. 21 Several theories have been advanced to explain 
the mechanisms of action of DMSO enhancement of skin permeability, including: 
extraction of skin lipids, 22 denaturatioh of SC proteins, 23 formation of hydrogen- 
bonded complexes with SC lipids, 24 and the distortion and intercellular delamination 
of the SC as a result of high osmotic stresses caused by transportation of both DMSO 
and water into the tissue from admixtures containing both solvents. 25 More recent 
studies suggest that DMSO exerts its role in enhancement of drug permeation by not 
only extracting soluble components of the SC, but also by delaminating the horny 
layer and denaturing the proteins. 26 ' 27 Results of Fourier transform infrared (FTIR) 
spectroscopic investigations suggest that DMSO changes SC protein conforma- 
tions. 28 Despite the wide-ranging studies that have been performed with DMSO, 
its specific mechanisms of action as a penetration enhancer still remain unclear. 
DMSO. is a dipolar, aprotic solvent that is miscible in both aqueous and polar 
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organic solvents; therefore, it may be easily incorporated into pharmaceutical for- 
mulations. High concentrations, usually greater than 60%, are required to produce a 
penetration enhancement effect. Unfortunately, at this high concentration, DMSO 
has been shown to produce adverse skin reactions. Kim et al. 29 synthesized novel 
transdermal penetration enhancers by replacing the oxygen atom of the DMSO 
with a nitrogen atom, an arylsulfonyl, aroyl, or aryl group. Like DMSO, these 
iminosulfuranes are polar, aprotic compounds; however, the polarity of iminosulfu- 
ranes can also be modulated by placing diverse substituents at the aromatic core of 
the molecule. Hie hpophilicity of iminosulfuranes is greater than that of DMSO, 
suggesting that an increased partitioning of these agents into the SC produces the' 
enhanced penetration effect. These compounds were designed to be used at lower 
concentrations (below 10%) and were predicted to result in less skin irritation than 
DMSO and thereby be more acceptable for use in commercial products. 

Anigbogu et al. 30 used Fourier transform Raman spectroscopy to study die effects 
of a series of aqueous solutions of DMSO on hydrated human SC, following treat- 
ment for 1 hour, to assess its mechanism of flux enhancement. The results showed 
changes in the SC keratin from an a-helical to f^-sheet conformation. In addition, 
at concentrations greater than 60% v/v, .it which DMSO enhances drug flux, there' 
was evidence of interactions with SC lipids. These observations suggest that the 
skin penetration enhancement produced by DMSO not only involves changes in 
protein structure but may alscTbe related to alterarions in SC lipid organization, in 
addition to any increased drug partitioning effects. 

II. B. Alcohols 

Alcohols may influence transdermal penetration by several mechanisms. The alkyl 
chain length of the alkanols is an important parameter in the promotion of per- 
meation enhancement. Augmentation appears to increase as the number of carbon 
units increases, up to a limiting value of 6-8 methylene groups. 31 In addition, lower 
molecular weight alkanols are thought to act as solvents, enhancing the solubility of 
drugs in the matrix of the SC. 31 Disruption of the SC integrity through extraction 
of biochemicals by the more hydrophobic alcohols may also contribute to enhanced 
mass transfer through this tissue. 32 

Tlie skin penetration enhancement effect of saturated fatty alcohols has been 
demonstrated in many in vitro studies. 33 ' 34 However, the skin irritation of satu- 
rated fatty alcohols has not been studied systematically. Kanikkannan and Singh 35 
investigated the skin permeation enhancement effect and skin irritation of a series 
of saturated tatty alcohols in hairless rats using melatonin as a model compound. 
Octanol and nonanol were found to be the most useful enhancers for the transder- 


mal delive 
and a re as 
volunteers 
informatu 
Andei 
decanol, v 
rated fatr 
concentra 
parabolic 
and perm< 
melatonii 
as the lev* 
increase i: 


II.C Pol* 

The mold 
their eftic 
markedly 
molecule; 
dependin 
glycol is t 
proteinac 
permeatii 
penetrati 
Bene 
betametl 
artificial 
propylen 
solubilit) 
lations, v 
case,proj 
with hig! 
medium 
of the ft: 
and into 
hydrocoj 
propyler 
membra 


IQ2 


Critical Reviews™ in 
Therapeutic Drug Carrier Sys 


Ajay K. Banga, PhD, Editor-in-Chief 

Professor, Pharmaceutical Sciences 
Mercer University 
3001 Mercer University Drive 
Atlanta GA 30341-4155 
banga_ak@mercer;eHu 


SriniTenjarla, PhD, Associate Editor 

Associate Director 
Shire Pharmaceutical Development 
1901 Research Boulevard, Suite 500 
Rockville MD 20850 - 
s te nj a rla@us . s h ire. com 



begell house, inc. 
Publishers 


■•Physico chemical Study of Percutaneous Absorption 
Enhancement by Dimethyl Sulfoxide; Dimethyl 
Sulfoxide Mediation of Vidarabine '(ara-A) 
Permeation of Hairless Mouse Skin 

Tamie Kurihara-Bergstrom, Ph.D.,* Gordon L; Hynn, Ph.D., and William I. Higuehi, Ph.D.f 

College of Pharmacy, The University of Michigan, Ann Arbor, Michigan, U.S.A. 


Dimethyl sulfoxide's (DMSO) concentration-dependent 
influences on its own permeation rate through hairless mouse 
skin and on the concurrent permeation rates of water and 
the antiviral drug vidarabine (ara-A) have been studied at 
37°C using in vitro diffusion cells. Solubilities of ara-A in 
DMSO-water mixtures were also determined in order to 
assess ara-A's relative thermodynamic activity in the binary 
solvent media used in the mass transfer studies. Solubilities 
increased exponentially with increasing percentages of 
DMSO. Activity coefficients decreased accordingly. When 
the same DMSO medium was placed in each side of dif- 
fusion, cell (balanced solvent configuration) permeability 
coefficients for ara-A decreased exactly as ara-A's solubility 
increased up -to- a 50%. DMSO concentration, indicating 
the observed decreases in the mass transfer coefficients have 
thermodynamic origins. When DMSO media were placed 
in either the donor or receiver side of the cell up to the 


same 50% concentration point and opposed by a normal 
saline medium on the other side (asymmetric solvent con- 
figurations), the permeability of ara-A did not decrease and 
at some DMSO levels was substantially increased, behavior 
in marked departure from thermodynamic control. The 
behavior disparity between the 2 configurations of the cell 
suggests that cross-currents of solvents play a role in 
permeability enhancement. Regardless of solvent config- 
uration, permeability coefficients for ara-A at 90 and 100% 
DMSO strengths were exaggeratedly large, consistent with 
severe impairment of the stratum corneum. Similar overall 
permeability behavior was observed for the 2 solvents, 
water and DMSO. Possible underlying mechanisms for 
.these effects and the relative importance of the various 
mechanisms of DMSO enhancement as a function of 
DMSO's concentration and configuration are discussed. J 
Invest Dermatol 89:274^280, 1987 


Despite the fact that vidarabine (ara-A) has been used 
successfully by injection in the treatment of herpes 
infections [1,2], the l»cal application of ara-A to 
control herpes simplex manifestations of the skin 
has hot been altogether successful. Ando and col- 
leagues [3,4] suggested that the low efficacy of topical arai-A is 
due to an extremely low permeability of ara-A through skin. In 
this regard ara-A arid its antiviral analogs have several suboptimal 
properties for local administration that cannot be overlooked. 
Vidarabine for instance, is. an extremely polar, relatively large 
molecule, suggesting it should be very difficult to deliver through 
a membrane structure as compact and functionally nonpolar as 
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the stratum corneum. Because of this difficulty, skin permeation- 
enhancing solvents have been tried clinically in hopes of im- 
proving the clinical effectiveness of such agents [5,6]. Since di- 
methyl sulfoxide (DMSO) has been the principal solvent chosen 
for this purpose, and since it has been shown to alter and enhance 
the skin permeability of other compounds [7-10], DMSO has 
been evaluated as a promoting agent- of ara T A's permeation. Spe- 
cific objectives were to determine the effect of DMSO on the 
permeation rate of ara-A in vitro (hairless mouse skin) and, gen- 
erally, to explore the thermodynamic and kinetic limits of action 
of DMSO in enhancing transport of this prototypical antiviral 
nucleoside. 

The permeability coefficient, P«, of ara-A through the skin's 
principal barrier layer, the stratum corneum, can be explicitly 
defined in terms of the effective thickness (h sc ), the effective dif- 
fusivity (D«), and the effective partition coefficient (K sc ) between 
the operative diffusional domain of the stratum corneum and 
DMSO-water solutions: 


(Eq 1) 


The terms h^, D sc , and K sc are indicated as effective because it is 
not possible to separate these parameters experimentally and as- 
sign them exact values. long as the external solvent contacting 
the skin does not concentrate in and alter the horny layer or docs 
not occlude the skin and hydrate the horny layer, the thickness 
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of the stratum corneum and the permeant's diffusivity, D w 
remain unchanged, and equatioii 1 can be written as: 


will 


Psc = (constant) K« 


(Eq. 2) 


. The partition coefficient, K«, represents the equilibrium dis- 
tribution coefficient of the permeant (ara-A in the present studies) 
between the phase of stratum corneum acting as the mass con- 
ducting medium (conduit phase) and the external solvent, which 
in these studies, is water, DMSO, or DMSO-water mixtures. 
Providing that the solvency of the conduit phase within the horny 
layer for ara-A is also unaffected by the external presence of 
DMSO solvent, then the partition coefficient of ara-A should 
stricdy reflect the changing- affinity of the applied phase for ara- 
A as the strength of DMSO is increased. Behavior regimes in 
which all these critical assumptions apply are evident upon com- 
paring solubility and permeability trends. This was done previ- 
ously for alkanols [11] and it was observed that the skin was 
unaffected by DMSO to a 50% concentration as long as the 
organic solvent was placed on both sides of the skin membrane. 

The mole fraction solubility, X 2 , of a permeant as ara-A in the 
applied phase is related to its activity in solution, a 2 , by: 


a 2 = 72 X 2 


(Eq. 3) 


where y 2 is the activity coefficient. The activity, a 2 » will be constant 
- in-sacurated solutions, barring a change in the crystal structure, 
as the percentage concentrations of the solvents in a binary mix- 
ture are changed. Thus, at saturation, the solute activity coef- 
ficient, must change oppositely and in proportion to. changes in 
X 2 in order to maintain the product of y 2 and X 2 constant. Since 
Ksc = yihikm and providing is constant, the permeability 
coefficient should decrease in exact proportion to the solubility 
increase unless diffusivity in the barrier tissues is altered. Con- 
formity to this expectation indicates simple thermodynamic con- 
^trol of the permeation process. Lack of conformity indicates in a 
very general way that there has been structural alteration within 
the membrane. This critical test was applied to the data for ara- 
A's permeation of hairless- mouse skin under various circum- 
stances of operation of the diffusion eel}-' 

MATERIALS AND METHODS 

Materials The key materials used in these studies were 3 H- 
vidarabine (10.1 Ci/mmol) and vidarabine, gifts from Warner 
Lambert/Parke-Davis, Ann Arbor, Michigan; and 3 H-water (0.6 
Ci/ml), l4 C-dimethyl sulfoxide (10 mCi/mmol), and a commer- 
cial liquid scintillation cocktail (Aquasol) from New England Nu- 
clear> Boston, Massachusetts. Normal saline (Abbot Laboratories, 
North Chicago, Illinois) was used to make the permeation so- 
lutions and as a receiver solution component. Reagent grade di- 
methyl sulfoxide (Fisher Scientific Co., Fairlawn, New Jersey) 
was the other solvent used for preparing the donor and receiver 
media. It was also used- to prepare the media for the solubility 
studies along with double-distilled water. 

Diffusion Gels Small glass diffiision cells, each consisting of 2 
..half-cells, were used. These had half-cell compartment volumes 
o£ 1-5 nil and individually measured effective diffusional areas 
waging from 0.542-0.675 cm 2 . Each half-cell had a sampling port 
"of 1 cm length and a stirring port of 3 cm length. Motors (Hurst 
Mfg. Co., Princeton, New Jersey) mounted above the cell and 
attached to stirring shafts passing through the stirring port were 
used to stir the media in the half-cells at 150 rprn. The .stirring 
shafts had small teflon propellers threaded onto their ends. Skin 
membranes were placed between the half-cells and the unit was 
clamped together by a spring clamp. The cells were then im- 
mersed in a 37°C bath so mat only the sampling and stirring ports 
broke through the liquid surface. 

Membrane Preparation Male hairless mice 35-40 days of age 
(Skin Cancer' Research Institute, Temple University Medical Cen- 
ter, Philadelphia, Pennsylvania) - were sacrificed by spinal cord 
dislocation and square sections of abdominal skin, approximately 


3 cm in each dimension, were" immediately excised. Adhering fat 
and other visceral debris were removed from the skin undersur- 
face before the skin was completely cut from the animal. After 
placing the skin sections between the half-cells, protruding, excess 
skin was trimmed off. The elapsed time from sacrifice of an animal 
to the beginning of a diffusion run was a few minutes. 

Permeation Procedure After assembly of a cell, the donor 
and receiver sides were partially filled, (1 ml) with the media for 
a given experiment. The media were either normal saline, DMSCh 
water mixtures (30%, 50%, 75%, or 90% DMSO) or neat DMSO. 
Some experiments were run with the same medium in both com- 
partments of the cell (balanced configuration), whereas in others 
DMSO medium, was placed in either the donor or receiver half- 
cell and saline was placed in the other side (asymmetric config- 
urations). Balancing the medium eliminates net diffusive flows 
of the solvents. By varying the placement of the DMSO media 
in the asymmetric configurations, DMSO was caused to.. diffuse 
both with and against the diffusive direction of ara-A with net 
water diffusion opposing DMS.O's in each case. The 2 asymmetric 
configurations allowed examination of the influence of concurrent 
diffusion of the solvents with or against ara-A. 

The contents of a freshly filled cell were mixed for 5 min to 
temperature equilibration. Then 200 jx\ samples from each cell 
side were counted to make certain there was no residual radio- 
activity remaining from previous runs. This was strictly precau- 
tionary, because between runs, the cells were washed, rinsed 
liberally, soaked in permanganate cleaning solution overnight, 
and then cleaned again. The radioisotope free donor compartment 
was charged with 200 /il containing from 1-5 fiCl of radiolabeled 
permeant(s) and 200 /x-1 of appropriate solvent were added to the 
receiver. In studies in which solvent flows themselves were mea- 
sured, the radiolabeled charge was sometimes placed in the half- 
cell contacting the dermis and diffusion was followed from re- 
ceiver to donor. 

Initial concentrations of the radiolabeled material were based 
on samples withdrawn from the half-cells 2 min after adding the 
radiochemical charge. At every 1000 s thereafter for a total of 
7000 s (usual ease) or longer, 100 ^1 samples were drawn from 
the half-cell opposing that containing the radioactive permeant. 
Fresh solvent of the appropriate composition was added to replace 
the solvent removed in sampling and corrections in sample con- 
centrations were made to account for the attending dilution in- 
volved.. 

Samples were directly transferred to vials containing 10 ml of 
scintillation cocktail. These were assayed on a liquid scintillation 
counter (Bcckman LS 9000 Scintillation Counter, Beckman In- 
struments, Fullerton, California). Each sample was counted for 
10 min. 

Data Analysis The concentration of radiolabel in the receiver 
half-cell was plotted as a function of time after correction was 
made for the dilution of sampling. The steady state region was 
identified graphically and the slope through the data in this region 
was estimated using least squares analysis. The permeability coef- 
ficient for a run was then calculated from: 


P = 


A - AC 


(Eq. 4) 


where: 

P= permeability coefficient (cm/h), 
V r — receiver volume (1.4 cm 3 ), 
— =rate of change of concentration (flux rate) 


dt 


in the receiver compartment in the 
steady state (counts/100 jul samplc/10 
min counting time), 
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AC= initial radiochemical concentration in 
the donor chamber (counts/100 /il 
sample/10 min counting time), and 

A = difmsional area (cm 2 ). 
Solubility Determinations Large excesses of crystalline ara- 
A were equilibrated with the pure solvents, and binary solvent 
mixtures in well stirred jacketed flasks set up on a magnetic stirrer. 
Samples from the ara-A slurries were withdrawn periodically by 
syringe and, after coupling on a filter holder, were filtered through 
fluoropore filters (Millipore Corp., Bedford, Massachusetts) hav- 
ing a 0.5 /im pore size." This effectively removed all particulate 
matter. The samples were appropriately diluted with water and 
assayed. Sampling was continued until a solubility plateau was 

obtained (Fig 1). ■ ■ 

High-performance liquid chromatography (Waters Chroma- 
tography Division, Millipore Corp., Milford,. Massachusetts) was 
used to assay for solubility. The mobile phase was methanol: 
water, 20:80, and the column was a /Xr-Bondapak C-18 reverse- 
phase type. Solvent was passed through the system at 2.0 ml/min 
and at this flow rate the retention time was 4 rain. Standard 
solutions of ara-A were prepared in. 10% DMSO for calibration 
of the integrated area at 254 nm. The injection volume for stan- 
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Table I. Comparison of Permeability Coefficients of 
Vidarabine Administered to Hairless Mouse Skin in Dimethyl 
Sulfoxide-Water Media 


System (donor-receiver) 


Pxlf 
(cm/h) 


Ratio 
(A)/(B) 


(A) Saline-saline 

(B) Saline-saline 

(A) 30%(CH 3 ) 2 SO<-saline 

(B) 30%(CH 3 )2SO4-30%{CH 3 )2SO4 

(A) 50%(CH 3 )2SO4-saEne 

(B) 50%(CH3)2SO 4 -50%(CH 3 )2$O4 

(A) 75%(CH 3 ) 2 SO<-saUne 

(B) 75%(CH 3 ) 2 S0 4 -75%(CH 3 )2S0 4 

(A) 90%(CH 3 ) 2 SO 4 -saline 

(B) 90%(CH 3 ) 2 SO 4 -90%(CH 3 ) 2 SO4 

(A) 100%(CH 3 ) 2 SO 4 -saline 

(B) l(X)%(CH 3 ) 2 SO 4 -100%(CH 3 ) 2 SO< 


(3.16 ± 0.34) x 10- 2 

(3.10 ± 0.58) x 10" 2 

(1.33 ± 0.56) X 10' 2 

(7.96 ± 3.80) x " • 

(8.81 ± 1-80) 

(6.19. ± 1.64) 

(5.15 ± 1-95) 

(1.09 ± 0.81) 

(5.19 ± 2.46) 

(5.57 ± 1.17) 
1.29 ± 0.23 
18.9 ± 1.64 


io- 3 

lO" 2 

io- 3 

10T 1 
lO" 2 

io- 1 

lO" 1 


1.1 


1.8 


14.4 
59.8 


0.94 


0.07 


In set A the dimethyl sulfoxide was placed in the donor compartment only (one 
of the two possible asymmetric cdl" configurations). In set B identical dimethyl 
sulfoxide solutions were placed on.both sides of the skin (balanced configuration) 

-Average of three results and standard deviation. 


dard and unknown solutions was 20 fil The sensitivity range of 
the chromatographic system was determined to be 0. 1 /Lg/ml and 
excellent linearity was observed over the range of concentrations - 
used for assay. Areas from standard solutions were routinely 
determined prior to quantification of unknown samples. 
* RESULTS 

Permeability coefficients obtained for ara-A in both the balanced 
and the asymmetric solvent configurations of the cells arc given 
in Table I The DMSO media were placed in contact with the 
external (stratum corneum) surface of the skin in the asymmetric 
mode in these experiments. The ratios of the permeability coef- 
ficients in the 2 modes of operation are given in the nght-tend 
column. Data for the 2 different asymmetric configurations of the 
cell are given in Table II. Ratios of the data for the 2 configurations 
are provided in the right-hand column. With the exception of the 
saline-to-saline control experiment, data for the asymmetnc con- 
figuration with the organic solvent phase in contact with the 
stratum corneum represent separate experiments This was be- 
cause matched samples of skin were taken from the animals and 
compared as sets. The agreement in the results of common ex- 
periments in the first and second data sets is reasonable. 

Data for the concurrent permeation of DMSO, water, and ara- 
A are given in Table III. These experiments also involved the 
gathering of totally independent ara-A data. It can be seen that 

Table n. Comparison of Permeability Coefficients of 
Vidarabine Administered to Hairless Mouse Skin in Dimethyl 
Sulfoxide-Water Media 


System (donor-receiver) 


P X 10* 
. (cm/h) 


Ratio 
(A)/(C) 


(A) Saline-saline 
(C) Saline-saline 
(A) 30%(CH 3 ) 2 SO<-saline 
(Q SaliHc-30%(CH 3 ) 2 SO4 
(A) 50%(CH 3 ) 2 SO4-salme 
(Q Saline-50%(CH 3 ) 2 SO4 
(A) 75%(CH 3 ) 2 SO + -saline 
(C) Saline-7S%(CH 3 ) 2 S0 4 

(A) 100%(CH 3 ) 2 SO4-saline 

(B) $alme-100%(CH 3 ) 2 SO4 


(3.16, t 0. 
(3.10 ± 0. 
(2.11 ± 1. 
(4.89 ± 3. 
(4:91 ± 2. 
(1.32 ± 0. 
(4.68 ± 1, 
(1.53 ± 1 
(8.12 ± 1 
(9.27. ± 1 


x lO" 2 
x lO" 2 
X 10~ 2 
x lO" 2 
x lO" 2 
x 10" 1 
x HT 1 
x 10" 1 
.91) x 10 _1 . 
.78) x 10" x 


34) 
.58) 
.17) 
.11) 
.44) 
.60) 
.48) 
20) 


1.1 
0 5 
04 
4.06 
09 


ara-A in varying DMSO concentrations 


. In these cases the solvents are configured in the asymmetric modal mcs In S c 
the dimethyl sulfoxide media were in contact with the stratum comcum, where 
^ set B the diethyl sulfoxide media were placed agamst the dermal S1 de of ih 
skin membranes. . . 

•Average of three results and standard deviation. 


VOL 89* N u - 3 ShKl'bMWiK 1*8/ 


DMSU-MJiUlATiiD KbKMi:ATlUN Ob ara-A ^// 


T"" • * ■ ■ ■ 
% Ditnetfayl ■ 
Sulfoxide 


Permeability Coefficient X 10? 

(cm/h)" 


P vidarabine* 

•P dimethyl sulfoxide* 

P H 2 O m 

. PH 2 C 

0 

(3.37 ± 1.19) x 10" 2 


1.30 ±0.18 

1.90 ± 0.22 

15 

(Z45 ± 0.20) X 10' 2 

(6.02 ± 0.72) x 10~ 2 



30 

(3.90 ± 1.52) X 10- 2 

(6.93 ± 3.00) x 10" 2 . 

1.82 ± 0:32 

. 1.77 ± 0,42 

50 

(4.69 ± 1.70) X 10" 1 

(9.98 ± 3.52) x 10" 1 

1.48 ± 0.58 

2.72 ± 0.55 

75 

(7.74 ± 1.22) X 10- 1 

4.16 ± 1.11 

21.4 ± 10:3 

65.5 ± 16.1 

100 

1.09 ± 0.10 

4.13 ± 0.05 . 


150 ±- 20.0 


'Average of four results and standard deviation. 
'Donor -+ receiver. 
'Receiver donor. 

'Permeability coefficien ts of individual species identified by subscripts. 


these asymmetric data agree well" with like data from the first 2 
sets. 

Solubility data are shown in Fig 1 . It is notable that the solubility 
equilibrium was achieved in a day's time. in all instances. The 
plateaus (and plateau standard deviations) were 0.972 ± 0.016, 
1.72 ± 0.02, 2.71 ± 0.07, 5.72 ± 0.08, 44.5 i' 0.87, and 433 
± 21 mg/ml for water, 15%, 30%, 50%, 75%, and neat DMSO 
respectively. 

^ DISCUSSION 

Kligman [12] may have been the first to document the marked 
concentration dependency of DMSO's ability to enhance skin 
permeation when he_ noted that fluorescein's permeation of ex- 
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figure 2. Comparison of permeability coefficients of ara-A through hair- 
less mouse skin in DMSO-water media (DMSO-saline). Closed circles, 
J^MSO media were in contact with tfic stratum corneum only; open circles, 
. DMSO media were placed on. both sides of the skin. 


cised human skin membranes was nil until the concentration of 
DMSO in the medium used to apply fluorescein exceeded 50%. 
From there fluorescein's permeability increased systematically and 
dramatically to a DMSO strength of 90%. Substantial back dif- 
fusion of water was also noted by Kligman [12] and was given 
as the reason the penetration rate dropped back between 90 and 
100% DMSO, Subsequendy, Sweeney and colleagues [13] showed 
it took DMSO concentrations above 60% to accelerate tritiated 
water's permeation of skin. Elfbaum and Laden demonstrated 
much the same to be true for DMSO mediation of picric acid 
permeation of skin [14] and, in related experiments, saw the same 
kind of concentration dependency for the swelling of hair fibers 
[15]. Whealing reactions of intact skin share this general concen- 
tration dependency [16]. More recently, work by Kurihara- 
Bergstrom and associates [11] has shown that the permeation 
behaviors of simple alkanols as methanol, butanol, and octanol 
through hairless mouse skin are similarly dependent on DMSO's 
solution- strength. The present experiments performed on hairless 
mouse skin further support the idea that it takes a highly enriched 
DMSO media to produce pronounced enhancements of perme- 
ability. Being more detailed and systematic than most past works j 
subtleties of behavior not previously apparent are also revealed. 
For example; although the data for the balanced and asymmetric 
configurations, plotted in Fig 2, follow patterns that fit expec- 
tations drawn from the literature, these data also show, that the 
manner of configuration of the solvent phases external to the 
mouse skin has a remarkable effect on permeation. 

In the balanced configuration, the permeability coefficient of 
ara-A systematically declines to 50% DMSO and remains smaller 
than the permeability coefficient from saline even to a 75% DMSO 
concentration. Extraordinarily large increases in permeability are 
noted, however, when DMSO's strength is increased first to 90% 
and then to 100%. In the normal asymmetric configuration with 
DMSO in contact with the stratum corneum, the permeability 
coefficient drops slightly from the value found in saline to that 
in 30% DMSO (not significant) and then increases sharply at the 
50% DMSO strength. In 50% DMSO it is over twice the mag- 
nitude of the reference saline value (p < 0.01) and over 14 times 
the value found for balanced configuration at 50% DMSO^ < 
0.05). An eight-fold further increase is seen at 75% DMSO where 
the asymmetric value is now about 60 times higher than the value 
in the comparable balanced configuration, a highly statistically 
significant difference (p < 0.01). No further increase is noted in 
permeability when the DMSO strength is raised to 90%, a conr 
centration at which the curves for the asymmetric and balanced 
configurations intersect. In neat DMSO the permeability coef- 
ficient in the asymmetric configuration is at its highest at 1.3 X 
10" 3 cm/h. This is now a highly significant (p < 0.001)- 14.6 times 
smaller than found in the balanced mode, however. 

The decline in permeability in the balanced configuration to 
the 50% DMSO concentration is due to an increasing ability of 
the increasingly concentrated DMSO media to solvate ara-A. This 
ability, is directly and relatively reflected accurately in solubility 
patterns. At any predetermined concentration of ara-A, the in- 
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Figure 3. Comparison of permeability coefficient and solubility of ara- 
A between water and 50% DMSO-water media. Closed circles, permea- 
bility coefficients; open circles, solubility. 


creasing ability of DMSO enriched media to solvate the com- 
pound- directly translates to decreased stratum corneuni-water 
partitioning, and everything else equal, proportionally decreased 
flux. This is reflected directly in the permeability coefficient, which 
is a concentration normalized parameter. Since the six-fold de- 
crease in permeability from saline to 50% DMSO is matched by 
a six-fold increase in 'solubility over the same range of DMSO 
concentration (Fig 3), it appears that to the 50% DMSO strength 
in the balanced configuration DMSO's influence is strictly ther- 
modynamic, a conclusion in keeping with results of experiments 
with select alkanols [11]. The permeability coefficients of ara-A 
'applied in 75, 90, and 100% DMSO in the balanced configuration 
take a dramatic upwards turn, a marked qualitative departure 
from the thermodynamic (partitioning) trend. This unequivocally 
indicates DMSO has in some way filtered the properties of the 
stratum comeum at these higher levels. 

In contrast," unmistakable' stratum corneum impairment by 
DMSO is seen at the 50% strength when this solvent medium is 
placed in only the donor compartment, this appears to be some- 
what true for the 30% medium as well. Thus, the way the solvents 
arc configured around the skin membrane itself has a marked 
influence on permeability. The data compiled in Table III indicate 
there are large net cross-currents of water and DMSO in the 
asymmetric circumstances, the major difference between the bal- 
anced and asymmetric modes. The inference is strong that the 
diffusive exchange of solvents causes disruption of the horny 
layer's structure. This idea is in keeping with the proposed en- 
hancement mechanism of Chandrasekaran and coworkers [10], 
who were the first to note that, when configured asymmetrically, 
DMSO and water produce a separation of stratum corneum cell 
layers, presumably through osmorically derived stresses. Given 
the behaviors seen in the balanced configuration, it would appear 
the solvent cross-flows are of smgular importance to DMSO 
permeability enhancement in the asymmetric modality at the in- 
termediate DMSO concentrations. At concentrations above 50% 
other factors of enhancement must necessarily come into play 
given that marked enhancement of permeability is seen in the 
balanced configuration. It was .previously demonstrated [11] that 
under the conditions of these experiments, substantial amounts 
of soluble organic substances are eluted from the skin, presumably 
mostly lipids, above the 50% DMSO strength, with the amounts 
extracted increasing sharply as DMSO is further enriched. By 
during soluble substances, the solvent induces a porosity on the 
skin and diffiision can proceed through solvent-filled channels in 
the stratum corneum matrix. 

Concentrated DMSO is also capable of directly denaturing the 
keratin protein of the horny layer and disrupting ordered lipid 
structures, additional factors that may be involved when DMSO 


is applied in essentially an undiluted state. It is notable that there 
is crossover of the 2 profiles at the 90% DMSO strength and a . 
strikingly higher permeability of ara-A from the balance config-... 
uration when the medium of application is neat DMSO. We 
suspect that DMSO is more effective in eluting substance from 
the skin and also as a denaturant when it is placed in both com- . 
partments of the cell. In this mode there would be no dilution of 
the DMSO solvent at the skins surface as the result of the diis . 
fusion of water through the skin. There are other plausible bases 
for this disparity between the balanced and asymmetric modes. 
For instance, the tendency for ara-A to partition into the cellular 
epidermis beneath the stratum corneum is diminished when the 
dermal surface is bathed in saline. Vidarabine's diffusive current 
across the epidermal and dermal strata might thereby be reduced 
to a fraction of what it is when all cellular water is exchanged for 
DMSO. Disruption and collapse of cell membrane structures is 
yet another possible contributing factor to the high permeability 
of ara-A when it is diffusing from neat DMSO into neat DMSO. 

In their work with pilocarpine hydrochloride, Chandrasekaran 
and coworkers [10] showed that the side of placement of DMSO 
in the asymmetric configuration has an effect on permeabilty- It 
can be seen in Fig 4 that this also makes a difference for ara-A. 
Each way of asymmetric configuration can produce the higher 
permeability depending on the specific DMSO concentration, a 
factor not noted previously. The total picture suggests that dis- 
ruptive stresses are experienced within the horny structure irre- 
spective of which side the DMSO^media are placed. At 30 and 
50% DMSO, mass transfer is favored when the DMSO phase is 
in the receiver chamber. If the degree of damage is independent 
of placement, which seems a reasonable possibility, then the higher 
permeability at low-to-moderate DMSO concentrations seen when 
the ara-A is placed in a saline donor and is diffusing into a DMSO 
receiver reflects that the permeability change resulting from dam- 
age to the horny layer is neutralized to a degree by decreased 
solvation of ara-A and increased thermodynamic activity in the 
donor phase. Not only does the thermodynamic activity remain 
higher when the donor is saline, but ara-A also finds the receiver 
a better sink as it permeates the tissue. 

The situation appears to be different when DMSO strength is 
greater than 50%. Here we suspect that elution of soluble matter 
from the stratum corneum is favored when the DMSO is in direct 
contact with the horny layer. This would explain the change in 
the order of permeability at the 75% DMSO strength. Curiously, 


_1 
E 

eo ■ 
O 

X 
c 

I io-H 
8 


-Q 

CO 

£ 

Q. 


10" 2 -' 


DMSO <Donor)/Saline (Receiver) © 


A'c 




Saline(Donor) 
DMSO 
(Receiver) 


30 


50 


75 100 
DMSO Concentration (%) 


Figure 4. Comparison of permeabUity coefficients of ara-A through hair 
less mouse skin in DMSO-water (DMSO-saline). Closed circles, DMSC 
media were in contact with the stratum corneum; closed triangles, DMbC 
media were in contact with the dermis side. 
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the two asymmetric configuration curves come together again 
when the DMSO is in a neat state. Either the various contributions 
to barrier impairment catch up to each other at this point or there 
are opposing effects, which by pure chance, exactly offset each 
-other; The latter explanation seems more plausible as it appears 
.to.us that the permeability retarding thermodynamic influence of 
DMSO when it is in the donor chamber is sufficient to offset the 
""presumed dirTerential in impairment of the horny layer in the 
same solvent configuration. 

In either asymmetric configuration solvent cross-flows have 
been indicated as important to the mechanism of penetration en- 
hancement. Additional support for this premise is given in Fig 5 
for the specific asymmetric configuration with the DMSO media 
in contact with the stratum corncum side of the skin. Permeability 
coefficients of tritiated water into and out of the skin are displayed. 
Once concentration is taken into account, as it is in the calculation 
..of such concentration normalized mass transfer coefficients, there 
appears to be little directionaHty to the permeability of this spe- 
eds. Trie permeability coefficients displayed for DMSO are for 
a net flux concurrent with and in the same direction as ara-A 's. 


Notably, no matter the DMSO concentration, there is, in every 
instance, a manifold greater backflow of water out of the skin 
than the diffusive flow of DMSO into it. If there were a "carrier 
effect," it would work against ara-A's permeation. In other words, 
ara-A molecules are not being drawn through the skin on a stream 
of solvent, the implication of the phase "carrier effect," but rather 
the chemical species are independently diffusing through the skin 
field variously altered by DMSO-water interactions with the tis- 
sue. Moreover, although the permeabilities of all 3 species, water, 
DMSO, and ara-A, fit well with the broader expectations of 
permeability as a function of DMSO concentration, it appears 
water's quantitative sensitivities to DMSO are unique. It will be 
noted that there is a large increase in the permeability coefficient 
at 50% DMSO for both DMSO and ara-A. Water *s permeability 
coefficient on the other hand seems unaffected by DMSO until 
much higher DMSO concentrations are reached. This lack of 
DMSO sensitivity for water at intermediate DMSO strengths 
seems to have also been seen by Sweeney et al [13]. This strongly 
suggests that the ddamination of the stratum corneum thought 
responsible for the increased permeability of ara-A does not of 
itself favor the diffusion of water. Thus, it appears that different 
mechanisms control the rates of diffusion of these very different 
molecular species within the horny structure. 

Overall, it is shown that the manner in which DMSO produces 
permeability-enhancing effects on skin is influenced by the man- 
ner of application of DMSO and the concentration of DMSO. 
Partitioning factors are one determinant of permeability and in 
the simplest instances these alone control permeation rates. There 
is also clear evidence that several types of stratum corneum im- 
pairment are involved. All of these factors together lead to very 
complex DMSO concentration dependencies for its skin perme- 
ability enhancing efFects, as revealed in standard diffusion cell 
experiments. 
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□ By first determining, the, thermodynamic; activities and 
^efficients of methanol, .l^xrtahql ahd,. Irbctahol in binary 
' ^liojddenvater- rhedia, it has been possible to.separate solubi-. 
ermodynamic) effecfe of . dimethyl sulfoxide frorn- its kinetic 
-£jf influence .as .they relate to the skin pemieiatidn.of jhese small/. 
Strotytie aikandis: This was done by normalizing the experimental 
Mty.cbefficientS^fouhd with full-thick^ 
"fe to unit activitydn the vehicle. Wheathe dimethyl sulfoxide 
'ffifc fpiac^'-.^'. 'both. sides .of .tbe ^Idh ' secttons in.a. : two 
" ent diffusibh cell* activity-adjusted permeability coefficients of. 
^affe-Wiri-" invariarit4o dimethyl kuifdxfde .cbncOTtrafens. of : 
ehW trilis, yp to thfci cc^centratiori arid. In trie absence.tif net; 
crosscurrents, the permeabilities of mielhandl, . 1 rbutanpl, .and , 
'""'dpftear to be strictly determined by partying into the Stratum 
^ However, when the dimethyl sulfoxide percentage, strength! 
jto s75%. activity-adjusted perrnoability Increased systemati- 
"pfbfoundty, indicating severe barrier Impirment. with: Inf 
^(fiffusiori across: the horny layer j j(Wnetic effect). When heat 
"Sulfoxide was placed on both sides of the skin, ffie experirhen- 
^eabilrty coefRdents' of the three, alcphojs were; maximal; and 
^vHagrift^^ jmp#rrherrt of v the 

--j&mbuni When the dimethyl sulfoxide media were, placed in 
%tti-ihe stratum cpfnblirn surface of the skin merr^ranes oniyi 
-g effects were . noted, at dimethyl sulfoxidef cOhrentrations : 
ftjrther supjDorting thci ideathat.Sblveht cross floj&rs themselves 
;tfe homy structure. The degree-of impajrrrtenfyvas quantified 
^lir expierlm^ntal. blRxirnstancesl= Analysis of earacts of the 
; ?cbmeum Indicated that barrier impairment (s due. in part to 
Kbirriethyl sulfoxide soluble components from thehbmy stnic- 
lamihation of trie . horny layer ami dehaturation of its proteins 
appeared to play roles in enhancement of diffusion. 

: : — _: — : : m - — ^ ; — ~ — - — 

My- ■ ■• - * *• ; ,s. ' 

dl, 1-butanbl and I-octanol possess widely different 
ic properties. In studies* o£ the effect of polarity 
phobidty) on a Specific phenomenon or process, they 
Ja useful set of prototype compounds because of their 
""able and Systematically varying, physicochemical 
les; They have been tisefiil in studying mass transfer 
o .iisms through skin and have helped define the reli- 
fill^™ permeation on Ujkmhilic char acter^ 6 Extensive 
JS^m these iabsvi suggest that methanol, Irbutahbl, 
^^hp! pass t^ugh badrletss mouse skin by different 
J$b- *nd with different ratiMdntrolling mechanisms. 

alcohols were therefore chosen for the present 
"■involving assessment of dimethyl sulfoxide mediation 
-eation because their permeabilities through this skin 
ictly aqueous sblutiph are known and because they 
a unique opportunity to study solvent influences as 
£&<m of penneant lipbphilicity . 

Theoretical Section. 

^;the simplest possible membrane situation, in which a 
at; isotropic membrane separates wellrstirred cister- 


nal phases, the permeability coefficient, P, is expressed by: 


P = 


(!)■ 


where D, .K^- and A are the diffusivity (diffusion coefficient), 
paitition 'cpeflicient between the membisahe (m) and medium 
(v, vehicle), and membrane thickness •> .respectively. / 
.... • Normally .in stupes irivblving;the use of diffusion cells, the 
membrane thickness is fixed and is little affected by medium 
cmang^/ Even when tibiis:;is not* so as^ for': example^ when 
solvents such;as wiater : and ^dimethyl sulfoxide act on /the 
: stratum coroeumv rarely : is , the thickness of- a mjmbrane 
^Wd^ .by jtnorie than at factor of two or ; three. It appears, 
then, that varying .the solvent composition of the external 
(v^de) pha^is primarily . influences the permeability coeni- 
cient by altering diffusivity, the ^kinetic aspect of mass 
trcirisfef, and by altering pai^tionmg, : the thern^ 
deierminsmt, and only marginally by changing the thick- 
tiesS. The pend^biHty, cb^dent:wUIy ^the product of 
•fche : proportional changes in each ^varies. In order to : deter- 
mine kinetic and theimodynamic influences on mass triansfer 
assdriated^with Sj^jinatic chanjges in the composition of 
phases . applied td the membrane, an independeMdeterminar 
tion of the changes taking.place in either, the diffusion TKe 
;mie^l^ed. ch^ which remains cSin then 

be assigned to Jthe alternative factor. \ . . ; 
. In principle, brie should bfe abie to separate vehicle driven. 
theiTnbdjmamic mflu^ mass, transfer influ- 

ences, including vehicle mediated: changes in the membrane 
solvency ; : . by independents assessment. It is reaisonable to 
aissum^. that eqtulibrium exists across the molecular injteir- 
face between the memibrane and the medium, so that: 


f^2t medium M2 P membrane 

- : = /ig 4 In 02,v 
= ^ + R T ln oa^ 


(2). 


where. is the ch^nical potential of the standard state, d is 
the activity, and the subscripts m and v refer to the mem- 
brane and the. vehicle, respectiyely. It thus follows that the 
thermodynamic activity of the penneant is,, for all practical 
purposes, the same oh either side of the interface; that is: 


(3) 


The activity on either side of the membrane interface with 
the medium can be expressed in a : general form as: 


— :72p2 


(4) 


where yn is ah "activity coenicient J ,, a factor, which normal- 
izes a prevailing concentration, C, to the respective activity. 
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It follows that: 

At the medium--nLeiribrane interface: 


(5). 


(6) 


Combining eqs. 1 and 6 gives the following form of the mass 
transfer coefficient 


(7) 


Once the flux of a permeaht has attained a steady or quasi- 
steady state, the mass current can he expressed generally as: 


dm\ _ 


AP(AC) 


(8) 


where (dm/dt)^ is the steady or quasi-steady state flux: taken 
directly from the slope "of the mass penetrated (m) versus 
time(*) profile, A is the area of permeation (cm 2 ), and AC is 
the difference in concentration across the membrane as 
measured in the phases external to . the .membranei When 
diffusion is into a sink (zero concentration at all times on the 
downstream side of the membrane), AC is the applied concen- 
tration-It follows from eqs. 7 and 8 that: 


(dm\- A D 


* AC 

7*U v 


(9) 


Equation 9 7 indicates that the trial flux through an isotropic, 
resistant barrier -is proportbhal to the' activiy: cdefficient in 
the external medium and inversely proportional to the actiyi- 

: ty coefficient, in the membrane^ in. addition to its other well 
estahU^ed dependencies. ...... 

When the medium external to a^membrane is varied by 
systematifHifly. varying the proportions of two rniscible. sol- 
vents, thrSe variahles in eq;9 aro jauQect" to chiiiige, le.^D, 
J2jn> apd especially y^ Far present purposes, h is presumed 
constant There is no way to predict in advance how D and 
7^ will be . affected, but a systernatic diange in the; magni- 
tude of 7^, which relates to the different solvencies of the 
two solventsifor a given ^liite, is anticipated^ 

: sensitivity: of* rfc, is subject to independent "assessment 
Changes in D and y^,. on the other hand, are only expected 
if at some point the binary solvents alter the physicochemical 

. properties of the membrane. Changes in D and y^ appear as 
.a composite change and are not readily separable. Of consid-j 
erable importance is the case , where D and remain 

* unchanged as the vehicle (imposition is varied. For this 
situation, the product of P times Vy^ is predicted to be 
constant, i.e.:. . 


pi.iD.J_. 


(10) 


Thus, if 7*2 ;V is independently kno wn, one has a stringent test 
to determine whether membrane properties are changing 
with the change in the composition of tie applied phase. For 
solutes like the volatile alkahols, can be independently 
assessed from vapor pressure measurements. The concept of 
activity coefficient determined flux is developed above for the 
simple isotropic membranes; the underlying principles are 
general, however; and can be applied to complex membranes 
such as the skin. 
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Experimental Section 

Material^ 14 C]Methanol- (30 mCi/mmol), [ w C]i. , 
mCi/mmol), [ 14 C]l^octanol (5 mCi/mmol) (ICN Chemical - 
isotope Division, Irvine, : CA) .were used as supplied 
diluted'into neat, : tiigh purity methanol (Baker Chen^^i^ 
lipsberg, NJ), 1-butanol" (Matheson, Coleman and Bell ff^® 
turmg.Chernists, Norwood,. OH), and 1-octanol (Fisher Scie 
Fairlawn, NJ), respectively, for the. vapor pressure measi^^l 
Dimethyl sulfoxide (Fisher Scientific Co., Fairlawn, Nj) 
received, .and the water used; in the studies was double distir 
Permeation Procedure— Membranes for the study werVi 
nal sections obtained from the hairless mouse (Skin Cam 


Temple University, Philadelphia, PA) SKH-hr( 
instanced- the skin was 


tiiladelphia, PA) SKH-hr(-l) s trai^7^ 
taken from freshly sacrificed anhiiak MQM 


cord dislocation) and immediately mounted in the difhiai^^ 
housing. The full-thickness skin was 


The general "assembly and operation of the diffusion iklitti^™ 
been detailed previously. 1 -^ 8 Briefly, small glass diffusion cel? : ^i 
-0.6 cm 3 of dffiisional area and with half cell volumes of -rf 
were used. These parameters were determined accurately 
cell. The cells were assembled with a fresh section of g' * 


ctjrid 


the chambers. After rinsing, a penheant containing solufa^^IL 
placed on the stratum corheum side of the skin section >'M^M 


collecting mecUum was placed on the dermal side. Then, th^n^W ^ 1 
were stirred.(lp'b rpm). Tests were begun as soon as the cell as&laP?! ; 
was complete. ' ■■.■'■v^^i'^ 
. Initial and final samples were taken from the donor (perSefe?^ i $ 
containing) compartment Aliquots of i00 juL were 
feceiyer chamber at IOOOtS intervals for up to 10,000 s (usualJy ^M W 
s), providing S-ll'. data points including one for time zerQ;|^>ii"'^P 
solvit was. added to die compartment following smphngto niaSuT?^] ^ 
tain constant volume -.in the receiver chamber. Correction8 : :i£|% ■ 
made ior the dilutions involved The J00-/tL aliquots wer«;'$a^ilF 


directly into 10 mL of sontillatioh cocktail (Aquasol, New Efogl&J^ 
Nuclear, Boston, MA), Experiments at each set of conditions jre^J \ 
done three or more times and the results were averaged. . 

An aspect exjrermental design unique to these studies was r ^$L 
the permeation was followed in media ranging from dimethyl sidfw$v|f 
ide:water {p; 30, 50, 70; 90, and 100% dimethyl sulfoxide with fionaaS^ 
saline) to normal saline, in one set of experiments and to dimetfiy 
sulfoxide 6^ the . same strength in a second set. In the fol^win^ ^ 
discussion; the first of these solvent configurations is refenW;^ ; si^' 
asymmetric and the -second . as balanced. In the asymmetric modaU^I 
the alkanols permeated in the presence of a net flux of dhneli^-Si 
sulfoxide in the same direction as that of the permeant and against:^^" 
net flux of water. In the balanced configuration there is -np net^f 
diffusive exchange., of solvent between the compartments. Tbe^&il^ 
methyl , sulfoxide arid water fluxes involved in the asymr^rw:;.; 
situation were measured and are being reported separately^ /;. r ^^ 

Analysis of Permeation Data— As in previous work 1 -** 8 couitaTttf J.\ 
the radiolabeled alkanols reaching the receiver chamber (corrected,: j 
for dilution) were plotted against time. When the permeation procesg ? 
attained a quasi-steady state, as determined graphically, the peniie* - ;; ' 
ability coefficient for the test was calculated from: " v > 


P = 


Vt dt 
AAC 


where P is the permeability coemcient (cm/h), V r is the. recejye^ 
volume (1.4 mL), dC/dt is the quasi-steady state rate of change- 15^. 
radiochemical coriceritratiori in the receiver chamber (counts ; 4*fe]g.; 
100-itL sample per 10-min .counting time), AC is the initial i^°£g ; 
chemical concentration in the donor chamber (counts per lQtty^-;^ . 
sample per 10-min counting time), and A is the diffusipnal "?5*?ij 
(cm^). The experiments were carried out in a manner which allo^^^ >. 
use of the donor concentration for the concentration differential, Aw ^ 
The lag time tended to be too short to be estimated with any 
using 1000-s sampling intervals, i -aas -^' 

Vapor Pressure Measurement— A measured flow of w ^ gett: S : f | ■ 
was passed throu^i the system depicted in Fig. 1. The nitrogen 
stream was warmed to 37°C in a coil and then bubbled to ^ vI T ^3 
37°C solution of the alkanol dissolved in one of the binary ^?^ r . ;l 
sulfoxiderwater media (0, 30, 50, 70, 90, or 100% dimethyl sulfo^- . 
The bubble size (frit size), gas flow rate, and solvent column nag , 



- N2 Gas 


^i^-Measurernent of vapor pressure in the gas-saturatlori meth- 


solutioii-vapdr equilibrium were determined by trial 
j^orr Conditions were , selected which afforded gas saturation 
S;^e vapors of the alkanol and its solvent® during the passage 
P^g through the'Ujraid phase. The vapor saturated gas stream 
f e solution was passed into a liquid nitrogen chilled cold trap 
&> where the solvent vapors were quantitatively removed by 
Jsationi The contents of the cold trap were rinsed directly into 
Jjs^on cocktail for counting., 
§(&Iysis of Vapor Pressure Data—The partial vapor pressures of 
tnqls in solution in the dimethyl sulfdxide.-water media were 
ried from their equilibrium vapor phase concentrations in the 
^phase passi^.t^tigiL the.raedia. If V^ ihe volume of gas 
^.through a solution of one of the alkanpls, is found to contain 
£fos:of the vaporized alkahol solute (with a molecular weight, 
partial vapor pressure of the alkanol, Pi^» can be calculated 
ately using the following equation based on the ideal-gas 


(12) 



j ideal gas behavior is appropriate at the concentrations of 

vapors obtained. The; approximate, nature of this method, of 
^-pressure' estimation is due to the fact that the volume; V n , 

iby the vapor is taken aa^ 
^.-.sd before it.ifl satuT3.ted with solution component vapor! 
jpsnore accurate estimations of partial pressure, the equation 
Efe;modined to allow for the increased volume of the gas due ta 
production of solvent vapor. The volume, "V* of both nitrogen 
|#fe'vapor through which the vapor molecules are distributed- is: 
Z- ffo ~ Aaas). where. is the volume of ,1he,pure, dry. nitrogen, 
a before saturation, P h is the barometric pressure, and is the 
^yapor pressure of the alkanoL It follows that: : \ 

■ p _ X M = & RT<Ph - Pi;***) 
V MrVt M T ■ V h P b * 

jipon solvuig'fprPi.gaw yields: 

p _ 

vapor pressura of each alkanol in eachmedium was calculated 
^jq. ,14. The dimethyl sulfoxiderwater media-was assumed to 
^pan idealsolutioh, aUbw^ estimation of the paulial: presses of 
k f ym mole fraction compositions. The partial pressures' of di- 
^tBulforide; water, and : alkanol were added to gei the.system 
•pressure.. As a critical test of the gas saturation cell, the 37°C 
^ pressures of the pure liquid alkanolfl were determined and 
with'ih^ "„ ■ • 

3t;was found that 1-octanol was not fully miscible in water nor 
sulfoxiderwater mixtures containing 30 and 50% 
I sulfoxide, at the 1% total concentration used* This created 
ty as the actual concentrations of 1-octanol in the water* 
were i experimentally determined and used to calculate 
ity coeffidents. The measured solubilities were 6.479 ihg/mL in 
1.14 mg/mL in 30% dimethyl sulfoxide, and 2.98 mg/mL in. 
sulfoxide. 


(13) 


(14) 


. i vapor pressures of methanol .and 1-butanbl were measured: 
^nes at each ^condition; The low vapor pressure of 1-octanol 
"~ i difficolt-to measure, and a longer period of ^ collection was. . 


. used.' Experiments on neat l^cianol were only run in triplicate. . 
The activity of an alkanol in a given medium was calculated from: 


p. 

~ pO . 


(15) 


where .Pfj^k experimentally determined vapor pressure of 

the pure alcohol. Activity coefficients were in turn calculated from 
the activities by: 


S2L 


(16) 


where.Xoi is the computed mole fraction alkanol concentration at a 
given solvent composition! Mole fraction was chosen as the unit of 
concentration because of its fundamental place in solubility theory. 
The different molecular weights of water and dimethyl, sulfoxide 
caused the" mole fraction composition to be curvilinear with increas- 
ing, dimethyl sulfoxide r<xmcentrations. 
-Extraction of Lipids and Other Dimethyl Sulfoxide Soluble 
Materials from ihe Stratum C^rnemn—The stratum corneum was 
isolated by . immersing sections of excised skin in 0:25% w/v trypsin 
(Aldrich Chemical Co., Milwaukee, WI) in saline for 22 h at 37°C and 
then lifting off the horny layer with a spatula. Samples were rinsed, 
placed on a piece of aluminum foil, and dried for 1 d in a desiccator 
under reduced pressure. These were stored over calcium chloride in a 
desiccator. . 

Each stratum corneum sample 100 mg) was placed iri a petri 
dish and. weighed accurately. iSyo rnilliliters of dimethyl sulfox- 
ide: water media at one of the. aforementioned percentage composi- 
tions waff slowly .added to.; the petri dish. The entire chamber was 
kept in a water .bath at 37*C for 2 h^ about! the length of the 
...permeation experiments. The tissue was then gently lifted from the A 
petri dish with the.suction of a pipette and again dried, this time for 
7 d in a desiccator under Teduceri, pressure. The samjple was again 
weighed and the percentage change in weight was recorded. - 

Results . 

Permeabifily coefficients for methanol, 1-butanol, and 1- 
octanol as a function of dimethyl sulfoxide concentration and 
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Figure 2— Permeability coefficients of methanol through fresh hairless 
mouse skin in dimethyi suifoxide-water mixture.' Key: (Oj dimethyl 
sulfoxide (donor)/saline (receiver); (A) dimethyl sulfoxide (ddnor)/di- 
methyl sulfoxide (receiver), . ' " : ^ 
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Bqyxm^Permeabilit^coBm^ents of 1-6cianol through 
mouse skin in dimethyl <sulfoxidehwater mixture. Key f6v : #/l* 
Sulfoxide (don6r)/salirle (receiver);. (A), dimethyl sulfoxide %W 
methyl sulfoxide (receiver): ' , . . iwa 


Concentration of Dimei^ Sulfoxide (%) . . . 

Figure 3— Permeability coefficients of 1-butenof through hesh hairless 
mouse skin in dimethyl aulfoxide-water -mixture. Key: (O) dimethyl 
sulfoxide (donor)/saBhe. (receiver); (A) dimethyl sulfoxide (donorVdi- 
methyt sulfoxide (receiver)/ . <..'■ 

ceU dinfiguration/aay^ 

~ 2 >: $ ana 4 • A high level of reproducibility of results at a given, 
condition is seen. : • - , t 

The partial vapor pressurea of , these alkanols above the, 
diniethyr suJfox^ given 'in Table I; 

• along with computed activities; and activity coefficients: The* 
activity coefficient profiles are important and therefore are 
pictorially Clustrated in Fig*; 5, 6, and 1-hr methanol, 1-. 
butooi.fsuid-l^jet^i; respectively; The experimentally 
;^tjBqnmdsiei o Vg&br -preasuzes.. oif" the neat liquid alkanols : are 
^ven;in Table. H, where they are. cdmpareiOTtn; established 
tite^tui^' values.*, V* . 
' 'Figure 8 shows the lossni gjtratanii.^ 

. ' ' ■ ... '■ ■'■ ^ . = ? ■ ' • V'*-' 

St^^ ^t^'^^ts of Methanol; iirtanol, and 1*.ctanol In Binary Dimethyl 

Sulfoxide: Water Media When tnconporated at 1% Concentration; th the Pure and; Mixed Solvents »™™y\ 


m 


extraction of soluble .materials, as a function of dijl 
sulfoxide; concentration. 


Discussion 


< . ...... .... . . 

. The ..permeability coefficients of the alkanols- di^iay^i 
Figs, 2,. 3, and 4;dearly are affected by aUmethy|:^bxfte 
a^ : the manner in which it is a&ninistered to the slrin$I&&f 
profiles for. all three alkaiaol^ there are notable di&ra^^! 


:■■■>: ?)W 


bomikJund. 


Cone, of 
Dimethyl 
Sulfoxide 


Partial [ Vapor . 
Pressure, rtvfiHg fl 


Activity (P/P?) :: 


Activity .Cpeffijspl 


Methanol 
'1>Biitanol- 
•l-dctanol. 

Methanol, 
1-Butahol 
Irbfctahoj 

Methanol 
T-Butanol 
. 1-Octanb) 

-Methanol 
i-Butariol 
t-Octanoi 

Methanol 
trButanoI 
1-pctanpl 

Methanol 
1-Butanol 
1-Octanol 


0%. 


30% 


50% 


75% 


30% 


100% 


2110 (±,0.17), x 10 _t 
. ' 1.71 (±,0.04) ; ; 
7/74 (± 2.01). X w-2*> 

.... ' -• ' f. ' A . " 

z&H± 0.21)' x. 10^ 

, 1.51 (i 0,17) , 
fe.OO (± 1,06) x iO" 25 

3:35 (± 6.51) x 10" 1 

.1.10 (± 6.03) 
4:85^^ 0.22) x A0~ 2b 

3.62 (± 1126) x 10 r1 
5.40 (± 0.88) x 1CT 1 
2.69 (± 0*53) x to* 2 

4-62 (± 0.43) x id" 1 
.1,20 (± 0.21) x 16'- 1 
8;10(± 1,181) x 10" 3 

1:13 (± 0.31) . 
2.81 (± 0:23) x 10^ 2 
1.60 (± 0JS7) x 10^ 


1.00 (± 0:08) x 10*^ 

j.ia (± o.o3) x ion 

7.76 (± 2.Q0) x 10-1 

1.25 (± 0.10) x 10"? 
1.00 (± 1.14) x 10" 1 
5.94 (± 1.04) X 10~ 1 

1.60 (± 0.24) x.1ff~* 
7.31 (± 0.20) x 10~ 2 
4.8Q (± 0122) x 10~ 1 

1.73 (± 0:i2): x 10" 3 
3;58 (± 6.58) x 10~ 2 
2;66 (± 0.53) X I 0^ 1 

2.20 (± 6.20) x 10" 3 
7.94 (± i.45) x 10~ 3 
8.02 (±,1.82) x lO^ 2 

5.38 (± 1.50) x 1d~ 3 
1.86 (± 0.15) x 10" 3 
1.59 (± 0^7) x f0~ 3 


, a The values represent 
given in brackets. *These 


averages of. five results for me^anol and. 1-butanoi and 
k data were, obtained in saturated (two phase) solutions. 


2.26 (± o.^Wm 

5.74 (± b:i^T 
2.56 (± OtyW& 

2.19 (± 6.171;^ 
3.94 (± 0.45):^ 
1.16(±0.20fc 

2.27 (± 6$&M 
2.34 (± 6.06)^p 
7.30 (± 0.33):^ 

1.73 (± o.i^^m 

8.04 (±-'1.i31« 
1,03 (± 0.53):^^ 

1.66 (± 0 ; 15);.^li 
1.33 (± :0 ; ^M 
2.32 (± 0.53):;^ 

3.13 (± 0.88j;'^i 
2.42 (± 0.19),X^ 
3.56 (± 0.83).:>gg 


m Figure 

"^mixture 


averages pf three, results for 1-octanol. Standard deviatlbJ 
See text for expenrhehtal concentrations in the aqueous^' 


Jconfii 

•;;pear' 
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| '^Activity coefficients of methanol in dimethyl sulfoxlde-water 
4it37°c: 


100.0-1 



Concentration of Dimethyl Sulfoxide {%) 


§pf6-- Activity coefficients ofl+butanoLln dimethyl suHoxide-water 


^patterns of behavior, for the asymmetric and balanced 
St ranfiguratipns.. For methanol* the skin is. more per^ 
" in the asymmetric mode; at .70 and .90% dimethyl 
' t concentratipns.but, if anything, there is i crossover 
Pie' curves at or before 100%- dimethyl sulfoxide. Wiihl- 
\ >1; ; the trends are dearly separated: at 50% dimjethyl 
pde and the. crossover monies between 7fr -and 90% 
hyl sulfoxide. Both; asymmetric and balanced config- 
j|qii_pattera and breajt 

|Stly between 50 and. .75% -dimethyl sulfoxide. It- is 
|^U8 that the permeation of 1-octanol is favored in the 
fcced configuration-above 50% dimethyl sulfoxide. With 
Inception of T-butanol, the permeability profiles for „the 
fjsiols in the two solvent cpnfiguralibhs are identical for 
P? : 50% dimethyl suboxide; Based, on simple t tests of 
J^ges at individual dimethyl sulfoxide concentrations, 
^differences in. values for -lTbutanol apparent, at 50> and 
f are not statistically si^nficant at an acceptable level of 
^ience; Overall; the solvent configuration, does not ap- 
||iEft> make mu^ oMerence with 0-50% dimethyl sulfoxide 
^trations; At the higher dimethyl sulfoxide concentra- ■■ 
J.however, profound differences in behavior between the. 
^olvent configurations are noted. 



•" Concentration of Dimethyl Sulfoxide (°/o) 

Figure 7— Activity coefficients, of i~dctanoi 1 in. dimethyi ^ sulf oxide-water 
mixture, at 37 ? C. 


table II— Vapor Pressures of Pure Alkanols at 37?C 


Compound 

';< <• Vapor Pressure, rrirhHg* . 

. - . Exp. values 

. : Lit values* 

Methanol ■ ' 

'209 (±8.66) 

211 

i-Butanoi 

t5.1 (±0.88) 

15- 

1-Octariol 

.0.101 (± 0.016) ' 

0.37 c 


a These values are the average, of three results. The .standard 
deviations In brackets. *These data are taken from ref..9. c This value 
involves extrapolation of data obtained from > 100 to 37°C. Apparently, 
np 3rd estimate exists in the literature, Underthese circumstances, the 
agreerherrt is considered satisfactory.' 

In an attempt to factor out the causes of the overall 
permeability behavior, thermodynamic activities and mole 
fraction based activity coefficients, of. the respective, alkanols 
weredetennined as a function of solvent composition. It can 
be seen from the data in. Table I that the activities of each' of 
the alkanols were, affected differently , as dimethyl sulfoxide 
was. titrated into * the. solvent medium. For methanol, the; 
activity was systematically increased and, in pure dimethyl 
sulfoxide, was 5.4 times greater than in water: This simply 
means water is the better solvent for methanol. In contrast, 
activities of both 1-butanol and lroctanbl decreased , as the 
dimethyl sulfoxide percentage was raised. .Oyer the solvent 
range the thermodynamic activity of 1-butanol dropped over 
60-fold, while that of 1-octanol dropped , almost 500-fold. 
Thus, as hydrophobicity is increased, solvation of the higher 
alkanols in dimethyl sulfoxide is markedly favored.. 
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■ Bgure ^Solvent extraction from stratum comeum in the presence of 
(flmetfiyl sulfoxide. ; • f . -.. ■; ■ ... 

; Patterns in mole fraction based activity coefficients are 
displayed, in Figs. 5, 6, and 7 for methanol, 1-butanbl, and 1- 
totanol,-^ 

; of wlute concentration resulis in for 
methanol. The trend for 1-butariol from pure water to pure 
dimethyl .sulfoxide is continuously downward. The sensitiv- 
ity of 1-butanol to increasing dimethyl sulfoxide composition 
lies between that of methanol and 1-octanol. The activity 
coefficient of 1-octanol dropped precipitously. Its activity 
coefficient of 0.34 in pure dimethyl sulfoxide was.7500 time^ 
fess than that found in pure water (2.56 x 10^); In partj the 
choice of. mole, fraction concehtratiph to compute activity 
coefficients magnifies the difference in the activity coeffi- 
cients seen across the solvent composition span due to the 
difference in molecular weights and liquid densities of water. 

■ and dimethyl sulfoxide. The choice of mole firaCtion itself 
p leads to a. fourfold change in the. .activity, coefficient in :pure 

water, compared, with that in pure dimethyl sulfomdVAnoth-; 
er factor in t^e case of 1-octanol is that the octanol . added was 
not poinpletely solubilized in the 0, 30, and^ 50% dimethyl 
sulfoxide. Therefore, -the. measured, concentrations of :l^cta-.. 
•nol in the aqueous phases of these mixtures (0;479, .1.14V and 
2.98. ing/mL, respectively) were used in the: calculations. 
- Because liie lroctanol was not completely solubilized in this 
range, the thermodynamic activity itself varied only slightly, 
• : as; ; expected; > •■ ■; . > '• .; .// 

According to eq. 10, when changes in the thermodynamic, 
activity of a permeant in the vehicle alone decide the relative 
rate of the permeation process, permeability coefficients can 
be normalized to a constant value by dividing the experimen- 
tal values by the respective activity coefficieiits in the sol- 
vents of application. When applied to the data for methanol, 
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Figure 9— The ratio of permeability coefficient and activity coeff^^p 
methanol in the- presence of dimethyl sulfoxide. T v 

1-butanol, and 1-octanol permeating the skin, this noniiidi^ 
ing procedure produces the interesting results seen in.Figi^^ 
10, and 11. These figures are produced from dato*for|i^S 
alkanols adniinistered ia balanced solvent configuratiS^ 
For all three alkanols, the permeability is invariant 1 to|T 7 
the boundaries-of expected experimental- variability :upj^ 
and including the. 50% strength. of dimethyl sulfoxide: 
sideringthat this is; true, for three permeants of wide ranging! 
polarity, thesie. results prove unequivocally that partitionmg^ 
changesdueto altered solvency in the-vehicle phase.ar^^ 
overwhelmingly important factor in the data trends/Ifcnugjffi 
be noted that D and y 2 ,m» which relate here to the stra|umj 
corneum, are- both- expected to vary in, the same, up^gj? 
direction; and, therefore, should not ofifeet each other^g 
dimethyl sulfoxide concentrations up/to \ 50%, nonnahzeS 
permeability coefficients obtained in tire asymmetric sol : ven| 
configuration exhibit essentially identical features; . . 

Concehtratiohs of dimethyl sulfoxide above 50% sKciv^jy^ 
absolute departure in the penhieability patterns for f 'tWjt^ 
methods used to: configure the donor and receiver media^A 
seen in the . activity coefficient normalized data, there .-i^te 
a departure from the simple pa^tibning^etennined.^nd 
In either configuration, the P/^v values for each ,6f£j^ 
alkanols takes a dramatic upward turn. This indicates £ e £^ 
al and profound fchanges in membrane permeability ; wg?S5| 
"in this study 'means substantial impairment of 'the setoff 
corneum. imbibition of dimethyl sulfoxide and altered^ 
vency- in . the critical horny phase of . the skin membrgg?2 
(change in 7^^) is one possible general cause. Incre^pl; 
difiusivity due to sol vent, alteration of the molecular si?^ 
ture or organization of the stxatum.corneum (i.e., a c ^^?§rS 
D) is^the second possibility; Both might be associated .m% 
the opening of. new pathways through the horny layer 
change in the permeation mechanism. The increases at-ftjR^ 
dhnethyl sulfoxide concentrations are so large that a ^fijll 
in mechanism is highly probable^ In this regard, the 
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10— The ratio of permeability coefficient and activity coefficient 
"Ibtrfano/ in the presence of dimethyl. sulfoxide. 
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"cal permeability coefficients (absolute values) for metti- 
rl-butanol, and 1-octanol in neat dimethyl sulfoxide in 
glanced solvent configuration is an indicating factor, 
behavior would only be .seen under tircumstances 


where diffusion is. structurally insensitive, as would occur, 
through a continuous solvent medium. .This suggests thai a 
dimethyl sulfoxide rich pathway is established through the 
stratum cbmeum and other skin structures. The average of 
all permeability coefficients of these alkanols is. ~3 x 10" 5 
cm/s (0,11 cm/h),. Assuming a partition coefficient of unity for 
the presumed dimethyl sulfoxide regime in the skin struc- 
ture, and tajring int o ac count the 400-/xm thickness of .the 
fhU-skin sections, a diffusion coefficient "estimate o? 1.2 x . 
10" 6 cm 2 /s isproduced. This is in good agreement with a 
previous estimate of the diffiisiyity of vidarabine in , the 
water-filled dermal matrix of 1.3 x 10" 6 cm ? /s. 10 The slightly 
lower magnitude for the smaller alkanols is reasonable in 
this instance because the viscosity and density of dimethyl 
sulfoxide are larger than those found for water. 

Several mechanisms have been advanced for the enhance- 
ment of dimethyl sulfoxide on skin permeability, including 
elution of stratum corneum lipids, 11 * 12 denaturation of stra^ 
turn corneum structural proteins, (keratin),*^ 15 and delami- 
nation of the horny layer by stress resulting from crosscur- 
rents of highly water interactive dimethyl : sulfoxide and 
water. 16 .We believe the data patterns in these studies sup- 
port all three mechanisms; the effect which dominates in a 
particular situation seems to be a result of the concentration 
of dimethyl sulfoxide and its method and duration of applica- 
tion to the skin. First, Fig. 8 shows that neither water nor 
binary dimethyl sulfoxide:water mixtures with up to 50% 
dimethyl sulfoxide have much ability to elute material from 
the stratum corneum. This ability increases dramatically as 
the dimethyl sulfoxide concentration is further, increased, 
resulting in an 18% weight loss in the stratum corneum mass 
in neat dimethyl sulfoxide. These studies were done with a 
ratio of dimethyl sulfoxide to stratum Corneum that was 
virtually the same as the ratio in the permeability experi- 
ments; the contact time was also similar. The striking 
parallel in tissue weight loss and in lost barrier integrity for 
three compounds as physicochemically different as methanol, 
1-butanol, and 1-octanol (as seen in Figs. 9, 10, and 11) can 
hardly be an accident. Second, the higher permeability of 
methanol (and possibly 1-butanol) from binary dimethyl 
sulfoxide:water solutions of high dimethyl sulfoxide concen- 
tration and into water (asymmetric solvent configuration) 
and similar, even more profound effects seen with vidara- 
bine 8 add to the already convincing evidence of Chandrase- 
karan et al. 16 which supports the idea that the horny struc- 
ture is physically (disrupted by the cross flows of the two 
solvents in question; Finally, the permeation of these model 
permeants out of a pure phase of dimethyl sulfoxide arid into 
a pure dimethyl sulfoxide phase (balanced configuration) has 
an irregularity most notable in the profile for 1-octanol (Fig. 
4). Here, the permeability is high. As mentioned, the barrier 
property left is about that expected if the solvent (dimethyl 
sulfoxide) itself were the conducting medium in the mem- 
brane. We suspect this exaggeratedly impaired state of the 
membrane is in part caused by denaturation of the keratin 
structure, a phenomenon which can be demonstrated in 
dimethyl sulfoxide soaked pieces of stratum corneum by 
several techniques, including X-ray diffraction. 13 - 16 Taking, 
all data intcraccount it appears thai maximum impairment of 
the stratum corneum may be approached in the 100% di- 
methyl sulfoxide balanced configuration and possibly even in 
the ; 100% dimethyl sulfoxide to saline system. Transport 
would then be solely, controlled by the cellular epidermis and 
the dermis, much as it is when the skin is stripped. With 
10096 dimethyl stdfdxide:saline, it is likely the epidermis/ 
dermis is relatively water rich. This would riot greatly affect 
the P value for methanol because it is so evenly soluble in 
water and dimethyl sulfoxide, as reflected in its activity 
coefficients. Thus, the values for the balanced and asymmet- 
ric configurations are similar at 118 x 10~ 3 cm/h versus 91.8 
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x 10~ 3 cm/h,^ 

cient for octanol should be influenced by media configuration 
■and it was» as seen in the 113' x 10~ 3 cm/h value for the 
balance*! configuration and the 11 x 10~ 3 an/h value for the 
100% 4imethyl. sulfimde^ to saline case, Alternatively^ :the 
exaggerated degree of denaturation seen when pure dimethyl 
sulfoxide was placed on both sides of the skin may not occur 
in the as3^nnnetric solvent situation due to a relatively rapid 
flow of water out of the horny surface, a factor which we 
believe could keep, the dimethyl sulfoxide .concentration in 
the horny layer below the critical level for full denaturation 
of its. protein ma^s. 
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